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The need for a clean and renewable energy source is of chief importance to ensure a 
sustainable future. Solar energy is the most promising due to the large amount of energy that 
irradiates the Earth from the sun. Two options to capture sunlight are through use of dye-
sensitized solar cells (DSSCs) and dye-sensitized photoelectrosynthesis cells (DSPECs) which 
convert light to either electricity or solar fuels. At their core, DSSC and DSPEC operations are 
based on interfacial electron transfers and transport at dye-sensitized semiconductor 
photoelectrodes. Electron transfer and transport in dye-sensitized SnO2, TiO2, and core/shell 
SnO2/TiO2 mesoporous thin films are the focus of this Dissertation and the motivation behind 
this work is application in DSSC and DSPEC technologies.  
Chapter 1 provides an overview of DSSC operation. Background is also provided on 
relevant semiconductor properties including acceptor states, electron transport, and electric 
fields. Key efficiency loss pathways of charge recombination and back electron transfer and a 
common method of utilizing core/shell materials to hinder those pathways are also discussed.  
Chapters 2 and 3 detail spectroelectrochemical studies of core/shell SnO2/TiO2 
mesoporous thin films. Chapter 2 describes the injected electron localization and transport in 
SnO2/TiO2 materials. This study revealed the existence of energetically low-lying states of 
SnxTi1-xO2 at the SnO2/TiO2 core/shell interface. A study of electric fields generated by 
injected electrons in the SnO2/TiO2 as reported on by surface bound sensitizers are detailed in 
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Chapter 3. This work revealed that the dielectric constant of the shell material, heavily 
influenced the electric field magnitude. 
Electron transfer and transport in DSSCs based on SnO2 are described in Chapters 4 
and 5. Chapter 4 details work performed to examine charge recombination of injected electrons 
in SnO2 to the redox mediator and back electron transfer to oxidized sensitizers. It was 
determined that back electron transfer to the oxidized sensitizer is rapid on SnO2 while charge 
recombination to the redox mediator is among the slowest rates reported for recombination. 
Injected electron transport through SnO2 mesoporous thin films in operational DSSCs is 
described in Chapter 5. This study showed that transport of electrons through SnO2 is heavily 
influence by the electrolyte cation identity.  
Chapter 6 details a spectroelectrochemical study of the influence buffer electrolytes 
have on the electron acceptor states in TiO2. This study revealed that electrons injected into 
surface states likely form localized Ti3+ sites which can undergo electron transfer to surface 
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CHAPTER 1: Introduction 
1.1 Global Energy Sources 
The global energy demand has increased dramatically since the Industrial Revolution 
began in the late 18th century. In 2018, the total global energy consumption was 1.8 x 103 
TWh.1 The global energy demand is expected to rise to 2.6 x 103 TWh as the world population 
is projected to surpass 9.7 billion by 2050.1,2 Historically, the majority of our energy needs 
have been met by fossil fuels in the form of coal, petroleum, and natural gas. Not only are 
fossil fuels a finite resource, but burning these fuels releases carbon dioxide, CO2, into the 
atmosphere. The concentration of CO2 has been steadily rising since the start of the Industrial 
Revolution, and in 2018 reached 407 ppm, Figure 1.1.3 The CO2 concentration will continue 
to rise as we remain reliant on fossil fuels for energy. The rising atmospheric CO2 is 
problematic for several reasons. The primary reason is that CO2 is a greenhouse gas that 
absorbs infrared radiation from the Earth’s surface leading to global warming. There is 
substantial evidence that correlates the atmospheric CO2 concentration to the rise in global 
temperatures.4 Global warming has initiated polar ice cap melting, which consequently raises 
sea level,5 causing frequent flooding in cities, such as Venice and Miami.6 Furthermore, rising 
temperatures are thought to produce more extreme weather, as evidenced by the record number 
of major hurricanes in the Atlantic Ocean that have devastated coastal communities in recent 
years.7,8 Another reason that a high atmospheric CO2 concentration is problematic is that 
evidence suggests it leads to ocean acidification.9 Atmospheric CO2 is dissolved in the 
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warming ocean water forming carbonic acid, which upsets the delicate pH balance required to 
sustain marine life, behavior that is particularly evident in coral reefs.10  
 
Figure 1.1: Atmospheric CO2 concentration measured since 1958. Reprinted from reference 
4. 
 
In order to reduce CO2 emissions, alternatives to fossil fuels, namely renewable energy 
sources, could be utilized to meet the growing energy demand. Yet, renewable energy sources 
accounted for only ~11% of all energy consumed in the United States in 2018.11 Nuclear energy 
contributed a further 8%, but the remaining 81% was generated from fossil fuels.11 Of the 
various renewable energy sources, solar energy is the most promising. The Earth’s surface is 
irradiated with 1.7 x 105 TW of power from the sun, of which it is estimated that 600 TW can 
practically be used.12 If we were able to capture and utilize only 10% of that energy, the world’s 
yearly energy demand could be met twice over.12  
Currently the most prominent solar energy conversion devices are silicon photovoltaic 
(PV) cells which use silicon to directly convert sunlight to electrical energy. A 27% conversion 
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efficiency for single crystal Si PVs has been achieved,13 but industrially produced solar cells 
generally have efficiencies of 18-22%.14 Due to its relatively high efficiency and declining 
costs, it is unlikely that Si PV cells will be replaced by alternative materials in the near future. 
Nevertheless, a low-cost alternative to Si PVs is the dye-sensitized solar cell (DSSC), 
which has been reported to work more efficiently than Si under low irradiance excitation 
conditions (diffuse light).15,16 Several of the underlying fundamental properties of DSSCs are 
the focus of this Dissertation.  
Although Si-PVs and DSSCs are efficient at converting visible light to electricity, they 
do not address the question of solar energy storage for later use. Currently, batteries are the 
most common method for energy storage, but low energy density and high cost prohibit many 
applications. One device that has been designed to address the energy storage issue is the dye-
sensitized photoelectrosynthesis cell (DSPEC) which converts light energy and chemical 
feedstocks to higher energy products which have been called “solar fuels”.17 The catalytic 
reactions of interest in a DSPEC are water oxidation and H+ and/or CO2 reduction.
18 Although 
DSPECs are not the focus of this Dissertation, many of the underlying fundamental properties 
investigated were motivated by this application.  
 
1.1 The Dye-Sensitized Solar Cell 
The concept of dye-sensitized solar cells existed for several decades before a viable 
device was made. Early attempts resulted in devices with <1% light-to-energy conversion 
efficiency due to limited light absorption.12 In 1991, a workable device was reported by 
O’Regan and Grätzel who introduced the use of mesoporous thin films comprised of anatase 
TiO2 nanocrystallites as the semiconductor for the dye-sensitized electrode, reaching a device 
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efficiency of 7%.19 Since 1991, DSSCs have been heavily researched to better understand the 
underlying fundamental properties, and thereby improve the conversion efficiency to the 
current record of 16%.16 
A typical DSSC consists of a dye-sensitized electrode and Pt electrode sandwiched 
together with a liquid electrolyte junction, Scheme 1.1. The dye-sensitized electrode is made 
from a mesoporous thin film (5-10 μm thick) of wide band gap metal oxide semiconductor 
nanocrystallites sintered onto a transparent conducting oxide (TCO), typically fluorine-doped 
tin oxide substrate. The semiconductor is sensitized to visible light by anchoring dye 
molecules, termed ‘sensitizer’, to the nanocrystalline surface. The sensitizers absorb photons 
then undergo excited-state electron injection into the semiconductor. After injection, the 
oxidized sensitizer is reduced by a redox mediator, typically iodide, within the electrolyte. This 
regenerates the sensitizer for subsequent light absorption and excited state electron injection. 
The injected electrons diffuse through the semiconductor to the TCO back contact where they 
enter an external circuit to perform work. After loss of some free energy, the electrons reduce 
the oxidized redox mediator at the cathode, often a Pt electrode. This completes the circuit, 
generating electrical energy and yielding no net chemistry. 
The main efficiency loss pathways in highly optimized DSSCs are generally believed 
to be recombination of injected electrons with the oxidized sensitizer or the redox mediator,12 
Scheme 1.1. Therefore, thermodynamic properties of the redox active acceptor states in the 
semiconductor as well as the electron transfers kinetics which they may undergo are the focus 




Scheme 1.1: Schematic of the electron transfer reactions in functional DSSCs, , where TCO is 
a transparent conductive oxide, MOx is the metal oxide semiconductor, CB is the idealized 
conduction band of the semiconductor, M is the redox mediator, S is the sensitizer, and hν is a 
photon. The electron transfer processes represented by the green arrows are desirable with rate 
constants for: electron injection (kinj) and sensitizer regeneration (kreg). In red are the 
deleterious pathways with rate constants of back electron transfer to the oxidized sensitizer 
(kbet) and charge recombination to the redox mediator (kcr).  
 
Several wide band gap semiconductors have been explored for use in DSSCs, including 
SnO2 and ZnO.
12 However, anatase TiO2 remains the semiconductor of choice with high 
availability, low cost, and low toxicity.12 With a band gap of 3.2 eV,20 anatase TiO2 is limited 
to absorbing ultraviolet light, which represents only 3% of the solar spectrum.21 Responses to 
longer wavelengths of light have been achieved by excited state electron transfer from 
molecular sensitizers and quantum dots.12,22  
Early dye-sensitized semiconductors characterized in the 1960s utilized planar surfaces 
with relatively low surface area available for sensitizer binding.23 This resulted in a poor light 
harvesting efficiency.12 The mesoporous thin film pioneered by O’Regan and Grätzel provided 
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over 3 orders of magnitude higher surface area for sensitizers to bind, greatly increasing the 
light harvesting ability of the dye-sensitized material.19  
For practical application in DSSCs, it is desirable for sensitizers to have several 
characteristics: 1) panchromic light absorption, 2) excited state injection quantum yield of 
unity, and 3) high stability. Much research has been undertaken to optimize the sensitizers used 
in DSSCs, and champion sensitizers include zinc porphyrin, ruthenium polypyridyl, and donor-
π bridge-acceptor compounds, Scheme 1.2.12,24–26 Under some conditions, these types of 
sensitizers are known to have high excited state injection yield, behavior consistent with 
favorable energetic overlap of the excited state and the semiconductor acceptor states.12 
Furthermore, for long-term use in solar cells, the sensitizers should be stable in the ground 
state and the excited state.  
 
Scheme 1.2: Examples of champion sensitizers in DSSCs. 
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The most widely used redox mediator is based on mixtures of iodide and iodine, and is 
the electrolyte most often used in this Dissertation.12,27 The dominant species are iodide, I-, and 
tri-iodide, I3
-.12 Iodide readily reduces many oxidized sensitizers used in DSSCs.12 
Furthermore, the complicated iodide chemistry that occurs in cells hinders rapid charge 
recombination of injected electrons to the oxidized form of the mediator, primarily I3
-.27 The 
single electron reduction of I3
- by electrons in the acceptor states of semiconductors is believed 
to be thermodynamically unfavorable.28  
For several decades the iodide/tri-iodide redox mediator was the only mediator used in 
cells that achieved over 10% light conversion efficiencies.27 In recent years, cationic mediators 
in the form of [CoIII(bpy)3]
3+/[CoII(bpy)3]
2+ have shown success.26,29 The CoIII/II reduction 
potential is generally more positive than the I-/I3
- potential, which enables larger open circuit 
cell photovoltages.12 However, it has been shown that electron transfer kinetics are slow for 
cobalt mediators.30,31 While this may inhibit CoIII reduction by injected electrons, it also can 
lead to slow sensitizer regeneration through CoII reduction.30,31 Despite this drawback, 
[Co(bpy)3]
3+/2+ was used as the redox mediating couple in the highest efficiency cell reported 
thus far.16  
The current-voltage response of an illuminated cell determines device efficiency, 
Figure 1.2. The open circuit photovoltage, Voc, is the maximum Gibbs free energy that can be 
extracted from the cell. A simplistic representation of the Voc is the energy difference between 
the quasi-Fermi level of the illuminated semiconductor and the equilibrium potential of the 
electrolyte mediator solution.32 The diode equation relates Voc to the electron injection flux, 
Iinj, the sum of the recombination rate constants, ki, the number of electrons, n, and the 











The short circuit photocurrent density, Jsc, is dependent upon the electron injection 
efficiency and the efficiency with which the injected electrons are collected in the external 
circuit. The light-to-electrical power efficiency (η) can be determined using Equation 1.2, 
where Pmax is the maximum power generated by the cell, I0 is the incident light flux, and Acell 




  (1.2) 
   
 
Figure 1.2: Representative current-voltage curve where the short circuit photocurrent density 
is Jsc, the open circuit photovoltage is Voc, and Pmax is the maximum power point. 
 
1.2 Semiconductor Electronic States 
As previously mentioned, the most widely used semiconductor in the dye-sensitized 
literature is anatase TiO2, which has favorable energetics that facilitate quantitative excited 
state electron injection.12 The electronic states in bulk, single crystal semiconductors are 
reasonably understood. Theoretical calculations reveal that the TiO2 conduction band is 
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comprised of empty Ti 3d-orbitals an the valence band is comprised of filled O 2p-orbitals.34 
The 3d-orbitals provide favorable symmetry to interact with the π electrons in the carboxylate 
binding group of some sensitizers.35 When in contact with an electrolyte solution, the valence 
and conduction bands are perturbed. Band-bending occurs when the Fermi levels of the 
semiconductor and electrolyte align. For an n-type semiconductor in contact with redox active 
electrolytes, a depletion layer is formed at the semiconductor-electrolyte interface.36 However, 
the small size of the nanocrystallites (~20 nm diameter) commonly used in DSSCs, precludes 
the formation of a depletion layer.36  
In single crystal semiconductors, the density of states ideally shows a parabolic 
distribution.37 However, the nanocrystals in mesoporous thin films exhibit additional redox 
active states that arise from surface defects in these high surface area materials.12 These defects 
may have energy levels within the forbidden band gap and are generally called ‘trap states’. 
There has been much debate about the exact nature of the trap states and how they contribute 
to DSSC behavior.12,38 There is some evidence that in TiO2, many trap states are 
undercoordinated titanium sites, giving rise to isolated Ti3+ with coordination numbers of 5 or 
less.39 Electrochemical data is consistent with an exponential distribution of states that are 
energetically below the conduction band.40 The states into which electrons are injected are 
termed ‘acceptor states’ in order to avoid any assumptions of whether the injected electrons 
populate trap or conduction band states. 
Spectroelectrochemistry has been used to elucidate the nature of the acceptor states 
within TiO2.
41 In its native, undoped state, TiO2 is nearly optically transparent with a band gap 
of 3.2 eV.12 Electrochemical reduction results in a blue-black color quantified by visible and 
near infrared spectroscopy.41 A broad absorbance throughout the visible and NIR is observed, 
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as well as a hypsochromic (blue) shift of the fundamental absorption (valence band to 
conduction band excitation).42 The blue shift is often attributed to a Burstein-Moss effect, 
sometimes called a band filling model.43,44 Other literature attribute the shift to an electric field 
effect.45 The spectroelectrochemical evidence suggests only one type of redox active state 
whose number increases exponentially with the applied potential.46 
In aqueous solution, the acceptor states exhibit a Nernstian 59 mV/pH unit negative 
shift with increasing pH.47 This pH dependent behavior has been explained in two ways. One 
is protonation/deprotonation of the surface titanol groups.47,48 The other does not invoke acid-
base chemistry but rather proton intercalation into the anatase lattice upon TiO2 reduction.
49  
In nonaqueous aprotic solvents, particularly acetonitrile, Lewis acidic cations such as 
Li+, Na+, Ca2+ and Mg2+ have been reported to shift the acceptor states to a more positive 
position by several hundred meV, Figure 1.3.46,50 The extent to which cations influence the 
acceptor states has been attributed to the cation size:charge ratio.39 As TiO2 is reduced, it has 
been suggested that electrolyte cations adsorb to the surface to compensate for the charge.50 
Upon TiO2 reduction, Li
+ has been shown to intercalate into the anatase lattice and can form 
Li0.5TiO2.
51 Although, the other three Lewis acidic cations studied have ionic radii small 




Figure 1.3: Chemical capacitance of TiO2 (left) and SnO2 (right) thin films in 0.1 M 
perchlorate salt in acetonitrile. For SnO2, the smaller Gaussian-like distribution represents the 
phantom electron states and the larger distribution represents the optically active states. The 
dashed lines represent the acceptor state fitting at potentials where irreversible reduction of 
SnO2 occurred. Figure reprinted from reference 46. 
 
An alternative to TiO2 is SnO2 which has a higher electron mobility and a ~ 400 meV 
more positive conduction band edge than TiO2.
53 This provides better energetic overlap with 
some sensitizers that are weak photoreductants.20,48,54 Nevertheless, the reported efficiencies 
of SnO2-based DSSCs are quite poor.
12,55 One contributing factor may be the lower capacitance 
of SnO2 relative to TiO2.
46 The reported effective electron mass of SnO2 (~0.2me) is much 
smaller than TiO2 (1-10me) consistent with a higher density of TiO2 states.
53,56–58 In addition, 
the Sn 4s-orbitals that constitute the SnO2 conduction band are thought to provide unfavorable 
overlap with the binding group orbitals of the sensitizer.34 Furthermore, due to the low 
dielectric constant of single crystal SnO2 (ε= 14), it is unable to screen electron-electron 
repulsion as effectively as anatase TiO2 (ε= 30-100).
20,59–61  
A previous spectroelectrochemical study of mesoporous SnO2 thin films reported 
evidence for three redox active states.46 The electrons in the state that was most easily reduced 
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were called ‘phantom electrons’ as they had no significant visible absorbance and were only 
detected by a blue shift of the fundamental absorption.46 The potential dependence of the 
phantom electron concentration was modeled by a sigmoidal function.46 At more reducing 
potentials, a second state with a broad visible-to-near infrared absorbance that was observed 
that was reminiscent of electrons in TiO2.
46 The third state observed at the highest reducing 
potentials was the result of an irreversible reduction.46 The nature of this irreversible redox 
chemistry is unknown, but some evidence suggests the formation of SnO or Sn0.62,63 The SnO2 
acceptor states show a similar response to electrolyte cations (protons or Lewis acidic cations) 
as TiO2, Figure 1.3, where the cations with a high size:charge ratio shift the acceptor states 
most positive.46  
 
1.4 Surface Electric Fields 
For many years it was believed that electrons injected into TiO2 would have little 
impact on the sensitizer or the electrolyte.22 The large dielectric constant of TiO2, and the high 
ionic strength and dielectric constant of the electrolyte (ε= 37 for CH3CN) were thought to 
fully screen the electric field from the sensitizer.45,64 However in 2010, this assumption was 
disproven independently by two groups.65,66 A transient absorption study by Ardo et al. showed 
that electrons injected into TiO2 result in a blue shift in the metal-to-ligand charge transfer 
(MLCT) of [Ru(dtb)2dcb]
2+ (dtb = 4,4’-di-tert-butyl-2,2’-bipyridine and dcb = 4,4’-di-
carboxylic acid-2,2’-bipyridine) anchored to its surface.45 When plotted as a difference 
spectrum, a first derivative shape was observed.45 This shift was attributed to an electric field 
generated by the injected electrons influencing the surface anchored sensitizer.45 This 
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phenomenon was also observed by Cappel et al. using a triphenylamine based donor-π-
acceptor sensitizers.66 
Changes in the electronic transitions due to the presence of an external electric field 
have been shown to occur in many molecules.67–69 This is sometimes referred to as a ‘Stark 
effect’.70–72 Hypsochromic (blue) shifts or bathochromic (red) shifts in the absorbance or 
photoluminescence spectra report on the orientation of the molecular dipole moment (∆𝜇) 
relative to the electric field. The change in dipole moment reports the difference between the 
ground state molecular dipole and the excited state dipole.  
In classical Stark spectroscopy, molecules are isotropically oriented and upon 
application of an external electric field, and both red and blue shifts are observed in the 
absorbance spectra.68,73 However, in DSSCs, sensitizers bound to the surface of nanoparticles 
are all uniformly aligned with the field. When electrons are injected into the nanocrystals, the 
electric field is oriented towards the surface, and if the change in dipole moment is antiparallel 
to the field, a hypsochromic shift of the MLCT will result, Scheme 1.3. 
 
Scheme 1.3: A) Metal oxide (MOx) nanoparticle with injected electrons that induce a uniform 
electric field (green arrows) on ruthenium polypyridyl dyes. B) Example absorbance spectrum 
with (green) and without (black) an applied electric field; the difference absorbance spectrum 




A study by O’Donnell et al. showed that a bathochromic shift of the MLCT absorption 
of [Ru(dtb)2dcb]
2+ on TiO2 occurred when Lewis acidic cations, such as Li
+, Na+, Mg2+ and 
Ca2+, were present in the external electrolyte.74,75 These cations induced a red shift in the 
MLCT relative to its position in neat CH3CN.
50 The dications induced a larger shift, suggesting 
that they generated a stronger field than the monocations.50 When the cations interact with the 
semiconductor surface, the electric field at the semiconductor-electrolyte interface is oriented 
away from the surface, and parallel to the change in dipole moment of the [Ru(dtb)2dcb]
2+, 
thereby making the ground state to excited state transition less energetically demanding.  
Ruthenium polypyridyl complexes anchored to semiconductors have been used to 
probe the magnitude of the electric field generated from injected electrons or by adsorbed 
electrolyte cations.50,75 The measured energetic shift in the sensitizer’s absorbance is related to 
the electric field and the change in dipole moment with Equation 1.3 for the case where the 







This equation relates the absorbance shift, Δ𝐴, to the dipole moment change, Δ?⃗?, and 




, and where h is Plank’s constant, and c is the speed of light.  The dipole moment 
change, Δ?⃗?, can be determined through classical Stark spectroscopy,73 or through density 
functional theory calculations.73,76  
When electrons are injected into TiO2, Lewis acidic cations have been proposed to 
intercalate or adsorb to the oxide surface in response to the negative charge.77 These cations 
screen the electron charge, decreasing the electric field magnitude experienced by the 
sensitizer. Prior studies have indicated that when injected electrons are present in TiO2, the 
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sensitizers experience the strongest field in the presence of Ca2+ > Mg2+ > Li+ > Na+ cation 
electrolytes.50 This indicates that Na+ screens the electric field more strongly than the other 
cations studied.  
Through measurements made with [Ru(dtb)2dcb]
2+ sensitized TiO2, it has been 
estimated that under standard DSSC operating conditions, a ~1 MV/cm electric field is present 
at the TiO2-electrolyte interface.
50 To date, the impact of electric fields on the performance of 
DSSCs continues to be a subject of interest.75,78 
 
1.5 Electron Transfer 
1.5.1 Electron Transport 
Transport of electrons in anatase TiO2 has been described by trap-limited models, 
where electrons trap at localized sites, and must de-trap to transport through the film.79,80 Two 
models for trap-limited transport have been proposed. The continuous-time random walk 
(CTRW) posits that electrons are located in trap states, where they must be thermally excited 
to the conduction band before re-trapping at another site.81 The multiple-trapping model 
proposes that electrons in trap states transport to empty trap states without participation of the 
conduction band.79  Other models have been proposed, but the multiple-trapping and CTRW 
are most common in the literature.39  
Electron transport in operational cells has been measured through transient 
photocurrent decay experiments.32,82,83 Here a light pulse induces a small photocurrent 
perturbation that is monitored as a function of time. This decay is often described by a first-
order kinetic model from which a lifetime, τn, is extracted. The lifetime is used to determine a 
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diffusion coefficient (Dn) with Equation 1.4, where τn is the lifetime obtained from the fit and 




  (1.4) 
 The diffusion coefficient has been shown to have a power law dependence on the 
number of electrons within the film.80 This behavior is consistent with both trap-limited 
models.  It has been suggested that as electrons diffuse through the semiconductor film, they 
are accompanied by cations in what has been termed ‘ambipolar diffusion’.85 A 5-fold decrease 
in the diffusion coefficient when the electrolyte concentration was decreased from 500 mM to 
20 mM has been taken as evidence for ambipolar diffusion.86 When the electrolyte 
concentration is sufficiently high relative to the electron concentration, transport shows less 
cation concentration dependence and the photocurrent is instead governed by electron 
mobility.85,87 
1.5.2 Charge Recombination 
 Recombination of injected electrons with oxidized sensitizers, termed ‘back electron 
transfer’, or redox mediators, termed ‘charge recombination’, is detrimental to DSSC 
efficiency.  Recombination has been widely monitored by time-resolved absorption 
spectroscopy.39 The kinetics are typically dispersive, ranging from nanoseconds to 
microseconds.39 This behavior has commonly been attributed to recombination from a 
distribution of electronic states in TiO2.
39 The kinetic data are generally non-exponential and 
have been modeled by the Kohlrausch-Williams-Watts (KWW) stretched exponential 
function, Equation 1.5, where ∆𝐴 is the change in absorbance at time, t, ∆𝐴0 is the initial 
absorbance change, k is the rate constant, and β is inversely related to the width of the 
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underlying Lévy distribution of rate constants, 0< β <1.28 An “average” rate constant is 
calculated from the values obtained in the fit, Equation 1.6.28 
∆𝐴 = ∆𝐴0𝑒







  (1.6) 
Sometimes the time required for half of the initial injected electrons to recombine, t1/2, is 
reported as an estimate of the true rate constants.88,89 Studies into the recombination 
mechanisms have shown that the initial conditions of the experiments greatly influence the 
abstracted rates.39 
 The Lewis acidic cations present in the iodide/CH3CN solutions have an influence on 
the charge recombination rate to I3
-.50 Addition of Lewis acidic cations to an acetonitrile 
electrolyte slowed charge recombination.75 This behavior was attributed to a thermodynamic 
effect where cation adsorption shifts the energetic position of the acceptor states positive on 
an energetic scale that increases the free energy required for I3
- reduction.27,77  
  Several groups have shown that partial reduction of the TiO2 thin films with an applied 
bias increases the back-electron transfer rate significantly. O’Regan et al. reported a 3 order of 
magnitude increase in the back electron transfer rate upon TiO2 reduction,
90 while Durrant et 
al. reported an even larger effect.89 Durrant and others have also reported that under these 
conditions, regeneration of the sensitizer by the redox mediator is not quantitative as back 
electron transfer competes kinetically with regeneration.89 This behavior is particularly 
important as the steady state concentration of injected electrons in an operational DSSCs can 
be large.64 
  Most recombination reports have used TiO2 as the semiconductor. Green et al. have 




It was determined that recombination to the oxidized sensitizer was several orders of 
magnitude faster on SnO2 than TiO2.
55 The rapid recombination results in non-unity 
regeneration of the oxidized sensitizer. Recombination to I3
- in operational DSSCs was also 
reported to be faster with SnO2.
55 Both of these factors were thought to account for the low 
efficiencies of SnO2 based DSSCs despite expectations to the contrary due to the more 
positively positioned acceptor states and higher electron mobility.  
  The charge recombination rate in operational DSSCs has been quantified through use 
of transient photovoltage experiments where the photovoltage decay after a small perturbation 
on a cell held at open circuit is monitored as a function of time.32 The transient data corresponds 
to injected electrons recombining with the redox mediator in solution.32 The electron lifetime 
is generally determined from an exponential fit to the transient data. Transient photovoltage 
data support the observations from transient absorbance studies that charge recombination and 
back electron transfer are sensitive to the TiO2 electron concentration.
91  
Two explanations have been proposed to account for this. The first invokes the trap-
limited CTRW model as discussed previously, where electrons reside in trap states, and must 
de-trap to conductive states to transport through the film.81 Therefore, as the energetically 
lower trap states are filled, injected electrons reside in higher energetic states closer in energy 
to the conductive states from which they are proposed to recombine. The second explanation 
is based on the driving force dependence.50 The acceptor state onset has been shown to be more 
positive than the one electron I3
- reduction potential, making the charge recombination reaction 
thermodynamically unfavorable.27,46  Once low energetic states are filled, injected electrons 
reside in states energetically closer to the I3
- reduction potential, which increases the 
recombination rate.  
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The recombination rate law between injected electrons and an acceptor in solution is 
usually written as a quasi second-order rate law, Equation 1.7, where k is the rate constant, A 
is the acceptor, n is the number of injected electrons in the semiconductor, and β is the reaction 
order with respect to injected electrons.92  
𝑅𝑎𝑡𝑒 = 𝑘[𝐴]𝑛𝛽 (1.7) 
Many previous studies have determined, the recombination rate is not first-order in 
semiconductor electrons, but have reported β values of 0.5-0.85, that were consistent with 
models which invoke a Fermi-Dirac or Boltzmann distribution of acceptor states.92 However, 
a recent report from the Meyer group has demonstrated that if photon flux dependence is 
accounted for and an experimentally determined density of acceptor states is used instead of a 
theoretical distribution of states, the recombination reaction is first-order in TiO2 electrons.
92 
This behavior suggests that electrons may in fact recombine from localized Ti3+ sites instead 
of the conduction band.  
1.5.3 Core/shell Semiconductors to Hinder Charge Recombination 
The efficiency of DSSCs is expected to be improved if unwanted charge recombination 
and back electron transfer are inhibited. Several methods have been employed to slow 
recombination. One method has been to include additives in the electrolyte that adsorb to the 
semiconductor surface and inhibit interactions between the semiconductor and the redox 
mediator.19 O’Regan et al. have shown that the addition of tert-butyl pyridine to the electrolyte 
enhances TiO2 cell efficiency.
19 It was believed that the tert-butyl pyridine adsorbed to the 




Another method has been to deposit a metal oxide barrier layer on a semiconductor to 
create what has been referred to as a ‘core/shell’ material.93,94 Typically, the shell metal oxide 
has a more negative conduction band edge than a core semiconductor, Scheme 1.4. The use of 
a core/shell substrate in DSSCs has not improved performance over TiO2.
63,94,95 However, they 
have been successfully employed to improve the efficiency of dye-sensitized water splitting 
solar cells.96  
The most commonly used core/shell configuration is comprised of a SnO2 core with a 
TiO2 shell. Rapid injection into TiO2 and transfer to the more positively positioned SnO2 
acceptor states is thought to result in a barrier for charge recombination.88 There are several 
methods that have been used to create core/shell structures including dip-coating,94 sol-gel 
preparation,97 and atomic layer deposition (ALD).98 Of these methods, ALD was selected for 
this Dissertation. ALD is purported to deposit a uniform monolayer of TiO2 during each cycle 
and shell thickness is easily controlled.99,100 However, due to the highly porous nature of 
mesoporous thin films, the conformality of ALD deposited shells is suspect even under 
prolonged precursor exposure to enable dispersion through the pores. 
 
Scheme 1.4: Conduction band offset model with SnO2 core and TiO2 shell where CB is the 





 Core/shell SnO2/TiO2 materials have been shown to inhibit back electron transfer by 
orders of magnitude.88,101,102 Prasittichai et al. reported that upon deposition of a single layer 
of TiO2, the rate of back electron transfer decreases by two orders of magnitude.
103 This was 
attributed to passivation of reactive surface states on SnO2. Deposition of TiO2 shells between 
1 and 5 Å decreased the recombination rate that was attributed to electron tunneling.103 Knauf 
et al. studied recombination with thicker shells, 0.5-7 nm, that were dependent on both shell 
thickness and post-deposition annealing conditions.88 With unannealed shells recombination 
to the oxidized sensitizer slowed by several orders of magnitude as compared to bare SnO2, 
but annealed films, (sintered at 450 °C) showed only a small decrease in rate.88 The unannealed 
shell thickness that exhibited the slowest recombination was 3 nm, and the rate increased when 
shells were thicker or thinner.88 The conduction-band offset model was invoked to explain this 
data, where electrons injected into TiO2 transport to the SnO2 core where they tunnel through 
the shell to recombine with an oxidized sensitizer at the surface.88 It was suggested that 
electrons present in thicker unannealed shells as well as for annealed shells, recombine directly 
from the shell and do not enter the core.88 The localization of injected electrons in core/shell 
SnO2/TiO2 films and the claims of a conduction-band offset as the source of slowed back 
electron transfer are explored in depth within this Dissertation.  
 
1.6 Final Remarks 
 The research detailed in this Dissertation is focused on understanding interfacial 
electron transfer at semiconductor-electrolyte interfaces. Electron transport within TiO2, SnO2, 
and core/shell semiconductors is also investigated. Through many spectroelectrochemical 
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experiments, I have gained better understanding of the influence that ALD, surface bound 
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CHAPTER 2: Electron Localization and Transport in SnO2/TiO2 Mesoporous Thin 
Films: Evidence for a SnO2/SnxTi1-xO2/TiO2 Structure1 
 
2.1 Introduction 
 Core/shell metal oxide semiconductors have been investigated for a wide range of 
energy applications that include lithium ion batteries,1,2 supercapacitors,3 photocatalysis,4,5 and 
perovskite solar cells.6 Of particular relevance to this study is their use in dye sensitized solar 
cells (DSSCs) and dye sensitized photoelectrosynthetic cells wherein mesoporous thin films 
of the core/shell semiconducting oxides are sensitized to visible light with dyes.7–9 Upon light 
excitation, the dye excited state injects an electron into the oxide shell and the dye is 
regenerated by an electron transfer mediator or a water oxidation catalyst.10,11  Water photo-
oxidation to O2(g) is an important target, but the process requires four oxidizing equivalents 
and occurs in kinetic competition with charge recombination of the injected electrons.12,13 
Therefore, suppression of charge recombination is important for water splitting cells that utilize 
a dye-sensitized photoanode.14,15  One method that has been explored to suppress charge 
recombination is the use core/shell semiconductors.5 In this Chapter the influence of a TiO2 
shell on the spectro- and photoelectrochemical behavior of core/shell SnO2/TiO2 mesoporous 
thin films is reported.  The data provide evidence of a graded interfacial region between the 
core and the shell formulated as SnO2/SnxTi1-xO2/TiO2, 0 < x < 1.   
 
1 This Chapter contains a combination of work previously published in two articles. The main 
text presents work published in Langmuir with contributions from E. M. James, M. T. Bennett, 
R. E. Bangle, and G. J. Meyer. Reprinted with permission. Copyright 2019 American Chemical 
Society. In additional content, a short article is presented which contains similar information, 
but results were limited to a single core/shell thickness and aqueous electrolytes.   
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 For dye-sensitized water oxidation, the most promising core/shell materials identified 
to date utilize a SnO2 core and a TiO2 shell. This architecture is believed to benefit from near 
quantitative excited state injection into TiO2, thermodynamically driven electron transfer to 
the core, and transport through the SnO2 which has a high electron diffusion coefficient relative 
to other oxides.16–19  Enhanced efficiency of light driven water oxidation measured with 
core/shell materials has been attributed to inhibited charge recombination of injected electrons 
with the oxidized catalysts.8,20–22 This is supported by literature reports of slow charge 
recombination to oxidized dyes or redox mediators with core/shell materials.23,24  On longer 
time scales an interesting shell thickness dependence has been reported where the slowest 
charge recombination occurred at a shell thickness of about 3 nm, but increased when the shell 
was thicker or thinner.  The behavior at thicknesses greater than 3 nm was attributed to 
recombination from the shell. Notably, the effect of TiO2 shell thickness was minimal beyond 
0.5 nm when post-deposition annealing was carried out.25   
The fundamental reason(s) why recombination to redox mediators, water oxidation 
catalysts, and oxidized dyes is slow in core/shell SnO2/TiO2 structures, relative to SnO2 and 
TiO2 alone has been the subject of much discussion.  Three mechanisms have been proposed 
in the literature: 1) the TiO2 passivates the SnO2 surface sites that could otherwise promote 
recombination;26,27 2) a conduction band edge offset provides a redox gradient and a tunneling 
barrier for electrons within the core to reach oxidized species at the shell-electrolyte 
interface;23,28 and 3) electrons are trapped in an electronic state between the core and the shell.29  
The conduction band offset of SnO2 and TiO2 has been the preferred explanation for 
slowed charge recombination and enhanced device efficiency.8,28 Instead, we have proposed 
an alternate model in which the core and shell mix at the interface create a SnxTi1-xO2 acceptor 
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state at which injected electrons localize.29 Here we provide evidence for a graded 
SnO2/SnxTi1-xO2/TiO2 structure in which electrons localize within the SnxTi1-xO2 interfacial 
states with transport through SnO2 and the annealed TiO2 (when present). The electronic 
properties are investigated as a function of TiO2 shell thickness atop SnO2 nanoparticles by 
spectroelectrochemical analysis of the of the unsensitized films and photoelectrochemical 
analysis of sensitized films.  
 
2.2 Experimental 
2.2.1 Materials  
The following reagents were used as received: SnO2 nanoparticles (15% w/v, 15 nm 
diameter, Alfa-Aesar); TiO2 paste (Dyesol, 18NR-T); poly(ethylene glycol) 
(H(OCH2CH2)nOH, Alfa-Aesar, MW = 12 000); poly(ethylene oxide) ((−CH2CH2O)n, Alfa- 
Aesar, MW = 100 000); argon gas (Airgas, >99.998%); oxygen gas (Airgas, industrial grade); 
fluorine-doped tin oxide-coated glass (FTO, Hartford Glass Co., Inc., 2.3 mm thick, 15 Ω/□); 
acetic acid (glacial, Fischer); tetrakis-dimethyl amine titanium (Ti(NMe2)4, Sigma-Aldrich, 
99.999% trace metal basis); lithium perchlorate (LiClO4, Sigma-Aldrich, 99.99%); acetonitrile 
(Burdick and Jackson); 2-propanol (Fischer); methanol (Fischer); hydrogen 
hexachloroplatinate (IV) hydrate (H2PtCl6·H2O, Aldrich, 99.9+%); iodine (Sigma-Aldrich, 
reagent plus ≥99.8%); tetrabutylammonium iodide (Sigma-Aldrich); Meltonix (Surlyn 1170-
25, Solaronix) 
2.2.2 Thin Film and Dye Preparation  
Rutile SnO2 mesoporous thin films were made from a colloidal SnO2 solution prepared 
by previously published methods.30 The SnO2 solution and anatase Dyesol TiO2 paste, used as 
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received, were doctor-bladed onto fluorine-doped tin oxide-coated glass (FTO) and sintered at 
450 ºC for 30 min under a flow of O2 gas. Core/shell SnO2/TiO2 films were prepared by atomic 
layer deposition of TiO2 onto the SnO2 films using tetrakisdimethyl amine titanium, 
(TDMAT), held at 75 °C, and water as the precursors by an Ultratech/Cambridge Nanotech 
Savannah S200 Atomic Layer Deposition (ALD) instrument. The deposition conditions were 
130 °C under 20 sccm carrier N2 gas.  An ALD ‘cycle’ consisted of a 1 s TDMAT pulse, 15 s 
hold, 50 s N2 purge, 0.02 s H2O pulse, 15 s hold, and 50 s N2 purge. These core/shell thin films 
were heated for 30 min under an O2 flow at 200 °C, termed unannealed, or 450 ºC termed 
annealed.  
The sensitizer [Ru(bpy)2(4,4’-(PO3H2)2-bpy)]Cl2, where bpy is 2,2’-bipyridine, 
abbreviated RuP, was synthesized according to previously published literature.31,32 The metal 
oxide thin films were placed in a methanol solution of RuP for at least 48 hours to sensitize 
with dye and the sensitized films were then soaked in neat acetonitrile for at least 30 min before 
use.  
2.2.3 Characterization  
A Renishaw inVia Raman Microscope with a Renishaw RL633 Laser for excitation 
and a 1200 I/mm (633/780) and 1800 I/mm (vis) grating was used for Raman spectroscopy. 
Transmission electron microscopy images were obtained with a JEOL 2010F FasTEM with a 
Zirconated tungsten thermal field emission tip and an accelerating voltage of 200 kV. Diffuse 
reflectance spectroscopy was performed using a Cary 5000 UV-vis-NIR spectrometer with an 
affixed integrating sphere apparatus.  
2.2.4 Spectroelectrochemical Methods 
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Spectroelectrochemical measurements were performed in Ar-saturated 0.1 M LiClO4 
acetonitrile electrolyte with a BASi CV 50 potentiostat and a Cary 50 UV-vis spectrometer. 
Spectra were acquired at each applied potential after the cell was allowed to equilibrate for 90 
s.  A standard three electrode setup was used in which the mesoporous thin film on FTO served 
as the working electrode,  Pt gauze served as the counter electrode, and a silver wire served as 
a pseudo-reference electrode.33 The pseudo-reference electrode was made by fitting a silver 
wire into a glass frit filled with 0.1 M LiClO4 in acetonitrile. This electrode was calibrated with 
ferrocene/ferrocenium in 0.1 M TBAClO4 taken to be 630 mV vs NHE.
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2.2.5 Solar Cell Fabrication  
Dye sensitized solar cells (DSSCs) were prepared using RuP sensitized SnO2/TiO2 
films as the photoanode and platinized FTO as the dark cathode. Photoanodes were constructed 
using the metal oxide thin films on FTO. The electrodes measured ~2.5 x 1.5 cm2 with a metal 
oxide area of ~0.3 cm2. The geometric area and thickness of the semiconductor was measured 
using a Bruker DektakXT Profilometer. Cathodes were prepared by evaporating three drops of 
1.5 mg/mL H2PtCl6 in 2-propanol onto clean FTO then sintering at 450 °C for 20 min. 
Photoanodes and cathodes were sealed together with a Meltonix thermal gasket. The cell 
electrolyte consisted of 0.1 M LiClO4, 0.25 M tetrabutylammonium iodide, and 0.05 M iodine 
dissolved in acetonitrile. Using the vacuum backfilling method, the cell was filled with 
electrolyte by a predrilled hole in the cathode which was subsequently sealed with Meltonix 
and a glass microscope cover slip. 
2.2.6 Solar Cell Characterization 
The DSSCs were characterized on a home-built instrument similar to previously 
reported systems.35–38 An array of white LEDs provided steady-state illumination to produce a 
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photovoltage or photocurrent in the cell. For transient experiments, a separate array of blue 
LEDs was pulsed to provide a small signal perturbation, ~25 μA/cm2. In transient photocurrent 
decay experiments, the cell was held at short circuit under white light illumination for 30 s to 
establish a steady-state photocurrent.  A pulse of the blue light induced a photocurrent 
perturbation that was monitored as a function of time. Transient photovoltage decay 
experiments were performed in a similar manner. The DSSCs were illuminated and held at 
open circuit, and the photovoltage perturbation by pulsed blue light was monitored as a 
function of time. Charge extraction experiments were performed to quantify the number of 
electrons present in the film at either short or open circuit and at various white light intensities. 
DSSCs were illuminated for 45 s at short or open circuit. In short circuit experiments, the light 
was turned off and the current response was recorded. In open circuit experiments, the light 
was turned off and the DSSCs were simultaneously switched to short circuit, and the current 
response was recorded.  The current was monitored for 4 s and integrated to extract the charge 
which was corrected for the volume as measured by profilometry. 
 
2.3 Results 
2.3.1 Microscopic and Spectroscopic Characterization  
Mesoporous SnO2 thin films ~4 µm thick were prepared by previously published 
methods.29 Atomic Layer Deposition (ALD) with Ti(NMe2)4 was used to deposit TiO2 shells 
of variable thickness on the SnO2 surface.  Characterization of samples annealed at 450 
°C by 
transmission electron microscopy, TEM, indicated that as the number of ALD cycles increased 
from 10 to 50 to 75, so too did the shell thickness, Figure 2.1.  The TEM image with 75 cycles 
suggests ‘pore filling’ as the TiO2 fills the space between neighboring nanoparticles, also see 
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Figure 2.10.  Shell thicknesses were estimated from the TEM images and averaged to 
determine an approximate shell growth of 0.066 nm/cycle, Figure 2.11.   
 
Figure 2.1: Transmission electron microscopy (TEM) images of SnO2 with A) 10, B) 50, and 
C) 75 ALD cycles of TiO2. 
 
Raman spectroscopy was performed to determine the crystallinity of the SnO2/TiO2 
core/shell nanoparticles, Figure 2.2A. The SnO2 core had a rutile structure with a dominant 
peak at 633 cm-1 assigned to the A1g vibrational mode.
39 This peak was detected in all films 
when 0.5-5 nm TiO2 shells were deposited.  When less than 2 nm of TiO2 were deposited, there 
was no Raman evidence for crystalline TiO2.  After annealing at 450 ºC, films with 2-5 nm 
shells showed broad peaks at 245, 430, and 600 cm-1 consistent with previous reports of rutile 
TiO2 assigned to a multi-phonon process, Eg, and A1g vibrational modes, respectively.
40,41 The 
SnO2 peak at 633 cm
-1 appeared as a shoulder because of overlap with the broad A1g mode of 
rutile TiO2.  The growth of rutile TiO2 on SnO2 after post-deposition annealing has previously 
been reported.42–44 Unannealed samples, however, displayed only very broad peaks that could 




Figure 2.2: Raman spectra of SnO2 (black), and SnO2/TiO2 with a 0.5 nm (purple), 1 nm 
(blue), 2 nm (green), 3 nm (orange), and 5 nm (red) shells. The films were annealed after TiO2 
deposition at 450 °C under O2. 
 
The mesoporous SnO2 thin films were transparent to visible light but deposition of TiO2 
resulted in opaque films.  As the shell thickness increased a decrease in transmittance at all 
wavelengths was observed and attributed to light scattering, Figure 2.13.  The fundamental 
absorbance ≤400 nm was characterized by diffuse reflectance spectroscopy with an integrating 
sphere. This absorbance edge was dependent on the shell thickness, shifting from 310 nm for 
SnO2 to 400 nm with 3 nm or thicker TiO2 shells indicative of a decreased band gap, Figure 
2.3A.  A Tauc analysis of this data for an indirect semiconductor is shown in Figure 2.3B to 
determine the band gap energy using Equation 2.1 where α is the absorption coefficient, h is 




2 = 𝐴(ℎ𝜈 − 𝐸𝑔𝑎𝑝)     (2.1) 
A weak absorption at lower energies was measured that was tentatively assigned to an 
Urbach tail.47,48 The x-intercept of the linear fit was taken as the band gap energy value.  Figure 
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2.3C shows that as shell thickness increased, the band gap decreased from 3.56 to 2.98 eV very 
close to reported values of bulk SnO2 (3.6 eV)
14,49 and rutile TiO2 (3.0 eV).
50 A similar shift in 
the band gap was measured for films with unannealed TiO2 shells, Figure 2.14.  
 
Figure 2.3: A) Diffuse-reflectance spectra of annealed SnO2/TiO2 films of increasing shell 
thicknesses measured in air. B) Tauc plots with fundamental absorbance linear fits, and C) 
Band gap values obtained from Tauc plots as a function of shell thickness with a d dotted line 




2.3.2 Spectroelectrochemical Characterization 
Core/shell films of varying shell thickness were analyzed by reductive 
spectroelectrochemistry in Ar-saturated 0.1 M LiClO4 acetonitrile electrolyte. The absorbance 
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spectra, presented as difference spectra by subtraction of the spectrum at open circuit, revealed 
a bleach of the fundamental absorbance and a broad absorbance across the visible region into 
the near infrared region, Figure 2.16.  With shells ≤1 nm thick, a peak emerged at ~400 nm 
that similar to the peak in the spectra acquired of mesoporous SnO2, Figure 2.4A. Importantly, 
these spectra were not normalizable as shown in the Figure 2.4A inset, suggesting that multiple 
electronic processes were occurring as was previously reported for SnO2, Figure 2.15.
51  The 
difference spectra of films with >2 nm shells did not show the peak at 400 nm and were 
independent of the applied negative potential, suggesting occupation of a single electronic 
state, Figure 2.4B. The onset potential at which the visible-near infrared absorbance was first 
detected became increasingly positive as the TiO2 shell thickness increased from 0.5-5 nm. 
 
Figure 2.4: Absorbance difference spectra of SnO2 with A) 0.5 nm and B) 3 nm annealed TiO2 
shells measured in Ar-saturated 0.1 M LiClO4/CH3CN over the applied potential range 
indicated vs NHE.  The insets show this same data normalized to the absorbance at 900 nm. 
  
To determine the minimal number of functions required to simulate the measured 
spectra, a potential associated spectral (PAS) analysis was performed.51  The PAS analysis 
indicated that when the shell thickness was ≤1 nm the absorbance spectra were modeled by 
two species, one with an exponential dependence on the applied potential (E), and the other 
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with a sigmoidal dependence, Equation 2.2, where α, E1, and b are constants, a1 and a2 
represent the absorption amplitude at a given wavelength λ, Figure 2.17. Thicker films were 
adequately modeled with just the exponential function.29 






    (2.2)   
Figure 2.5 provides overlaid difference spectra normalized at 900 nm of SnO2 and 
SnO2/TiO2 core/shell that were reduced by a similar number of electrons.  The SnO2 spectrum 
displayed a distinct peak centered near 360 nm that shifted to lower energies and ultimately 
diminished as the TiO2 shell thickness was increased.  Similar spectra were recorded for the 
unannealed films with the only difference being a very broad peak centered at ~800 nm, which 
was attributed to localized trap sites at the interface with amorphous TiO2, Figure 2.18 and 
Figure 2.19.    
 
Figure 2.5: Absorbance difference spectra of SnO2 (black) and 0.5 nm (purple), 1 nm (blue), 
2 nm (green), 3 nm (orange), and 5 nm (red) annealed TiO2 shells in 0.1 M LiClO4/CH3CN.  




Spectroelectrochemistry has previously been used to determine the energetic position 
of redox active states in TiO2, SnO2, and SnO2/TiO2 core/shell films.
29,51,52  The absorbance 
was converted to a concentration of electrons in the films by the Beer-Lambert law and to a 
capacitance with Faraday’s constant for thin films of known geometric area.29,51 Representative 
data are shown in Figure 2.6A. SnO2 displayed the lowest capacitance <10 mF/cm
2 that 
increased dramatically to 50 mF/cm2 when a 0.5 nm TiO2 shell was present.  The onset potential 
also shifted to more positive values with this thin 0.5 nm TiO2 shell.  The applied potential 
necessary to reach 50 mF/cm2 as a function of the shell thickness is shown in Figure 2.6B.  By 
this metric, films with ≥2 nm shells displayed a common applied potential of -0.49 ± 0.03 V 
for annealed and -0.41 ± 0.08 V for unannealed films, Figure 2.20.  
 
Figure 2.6: The chemical capacitance of SnO2 (black), SnO2/TiO2 with 0.5 nm (purple), 1 nm 
(blue), 2 nm (green), 3 nm (orange), 4 nm (red-orange), and 5 nm (red) annealed TiO2 shells 
in 0.1 M LiClO4/CH3CN as a function of the applied potential. B) Potential at which the 
chemical capacitance is 50 mF/cm2 versus shell thickness. 
 
2.3.3 Transient Photocurrent Decay 
To quantify transport of the photoinjected electrons through the core/shell films to the 
external circuit, dye-sensitized solar cells, DSSCs, were constructed with [Ru(bpy)2(4,4’-
(PO3H2)2-bpy)]
2+ as the sensitizer and a standard I-/I3
- 0.1 M LiClO4/ CH3CN electrolyte. 
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Transient photocurrent decay experiments were performed whereby the cell was held at short 
circuit and illuminated under white light to induce a steady-state photocurrent. White light 
illumination created a steady state photocurrent. Charge extraction at short circuit was 
performed to determine the electron concentration under white light illumination. The cells 
were held at short circuit and illuminated. After 45 s the light was turned off and the current 
was integrated to determine the charge at every white light intensity used for transient 
photocurrent measurements. The volume of the active area measured by profilometry was used 
to convert the charge to an electron concentration. 
Pulsed blue light excitation superimposed on the white light illumination increased the 
photocurrent by ~25 μA/cm2 which returned to the steady-state photocurrent over time. As the 
white light intensity was increased, a larger steady-state electron concentration was present in 
the film. In DSSCs constructed with TiO2 photoanodes, this led to more rapid photocurrent 
decays, Figure 2.7A. For DSSCs based on SnO2, the photocurrent decay remained constant 
under increased electron concentration, Figure 2.7B.  
 Photocurrent decays measured for the SnO2/TiO2 were sensitive to both shell thickness 
and whether the material was annealed at 450 °C before use. Unannealed films showed a very 
minimal dependence on the white light intensity for all shell thicknesses measured, Figure 
2.7C. In contrast, photocurrent decays measured for annealed films were dependent on the 
white light intensity, Figure 2.7D, to a degree that was determined by the shell thickness. In 
annealed films with thin shells, little or no photocurrent decay enhancement was observed with 





Figure 2.7: Transient photocurrent decays (colored) with variable white light intensity for dye-
sensitized A) TiO2, B) SnO2, and C) unannealed and D) annealed 3 nm SnO2/TiO2 using 0.1 
M LiClO4/0.25 M TBAI/0.05 M I2/CH3CN.  Overlaid on the data in black are fits to a first-
order kinetic model (A, B, and C) and to a bi-exponential kinetic model (D). 
 
Overlaid on the data in Figure 2.7 are fits used to determine the electron lifetime, τn. 
The photocurrent decays of SnO2, TiO2 and unannealed SnO2/TiO2 films were fit to a first-
order kinetic model. Data acquired with annealed SnO2/TiO2 films were not well defined by 
this model and were instead fit to a biexponential model, Equation 2.3. A weighted average 









     (2.4) 
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The diffusion coefficient, Dn, was determined with Equation 2.5, where d is the film 





    (2.5) 
 The diffusion coefficients were plotted as a function of electron concentration, Figure 
2.8. In unannealed films, Dn remained constant within experimental error at all electron 
concentrations and shell thicknesses, Figure 2.8A. Annealed films showed that Dn increased 
with shell thickness, Figure 2.8B. Thin 0.5 nm TiO2 annealed shells displayed diffusion 
coefficients similar to those of SnO2 alone, where the diffusion coefficient was independent of 
the electron concentration. The photocurrent decayed more rapidly with greater electron 
concentration in films with >0.5 nm annealed shells. When 1 nm TiO2 shells were deposited, 
the increase in diffusion coefficient with electron concentration was smaller than when ≥2 nm 
shells were deposited.  
 
Figure 2.8: Diffusion coefficient plotted as a function of the electron concentration for dye-
sensitized A) unannealed and B) annealed SnO2/TiO2, SnO2, and TiO2 in a DSSC. 
 
 
2.3.4 Transient Photovoltage Decay 
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Transient photovoltage decay experiments were performed using similar methods as 
transient photocurrent decay with steady state white light illumination and pulsed blue light 
excitation.  The key difference was that the DSSCs were held at open circuit and the 
photovoltage perturbation was monitored over time. The photovoltage decay which correlates 
to the rate of charge recombination is known to be sensitive to white light intensity, Figure 
2.9A. Steady-state electron concentrations at each illumination intensity were measured by 
open-circuit charge extraction.  The photovoltage decay was found to be sensitive to both shell 
thickness and annealing before use. Films that were not annealed displayed slower 
photovoltage decay than sintered films with an equivalent shell thickness, Figure 2.9B. The 
photovoltage decays were fit to a first-order kinetic model to obtain a photovoltage electron 
lifetime.38 Core/shell films all showed longer lifetimes than SnO2 alone, indicating suppressed 
charge recombination. Unannealed films displayed the longest electron lifetimes. Although in 
both annealed and unannealed films, thicker shells had longer lifetimes compared to thin shells, 





Figure 2.9: A) Photovoltage decays (colored) of 3 nm unannealed SnO2/TiO2 under increasing 
white light intensity with overlaid fits (black). B) Photovoltage decay of 0.5 nm annealed (red) 
and unannealed (blue) SnO2/TiO2 at equivalent number of injected electrons with overlaid fits 
(black).  C) Electron lifetime versus electron concentration of SnO2 (black squares) and 
SnO2/TiO2 of annealed (circles) and unannealed (triangles) 0.5 nm (purple), 2 nm (green), 3 
nm (orange), and 5 nm (red) shells. 
 
2.4 Discussion 
 The spectroscopic and electron transport properties of core/shell SnO2/TiO2 with 
variable shell thicknesses strongly suggest the presence of a SnxTi1-xO2 interface between the 
core and the shell.  The most compelling evidence for the presence of a mixed SnxTi1-xO2 oxide 
comes from Tauc analysis of the diffuse reflectance spectra.  The SnO2 band gap of 3.6 eV 
gradually decreased to the 3.0 eV band gap of rutile TiO2 as the shell thickness increased.
14,49,50 
Such behavior was clearly observed in the samples annealed at 450 °C, but was also evident 
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in those that were heated to only 200 °C albeit with greater uncertainty.  Raman spectroscopy 
of the annealed samples revealed the presence of the rutile polymorph consistent with the 
presence of a solid solution. 
Such mixed metal oxide materials are well known in the literature and the crystalline 
rutile materials form solid solutions that display tunable band gaps54 with lattice parameters 
that follow Vegard’s Law.44 However, there presence here was unexpected and goes against 
the commonly held view that Atomic Layer Deposition (ALD) processing yields a conformal 
layer with a well-defined interface.  Indeed, the presence of SnxTi1-xO2 requires that the Sn 
and/or Ti atoms have sufficient mobility at 200 °C to form the mixed oxide.  The presence of 
a SnO2 core, a TiO2 shell and a proposed SnxTi1-xO2 intermediate raise new questions about 
where electrons are localized in these materials and how their transport to an external circuit 
occurs.   
In a standard electrochemical cell, SnO2 was more easily reduced than was TiO2, 
behavior consistent with the expected more positive flat band potential of SnO2, i.e. further 
from the vacuum level.19,51 It might have been anticipated that the onset of SnxTi1-xO2 reduction 
would be intermediate between these extremes, however this was not observed experimentally.  
Instead, the core/shell materials were more easily reduced under all conditions investigated.  
The origin of this behavior is unknown, but suggests that SnxTi1-xO2 has a high density of deep 
trap states associated with it.  With thin <2 nm shells, there was clear spectroscopic evidence 
for reduction of a modified SnO2 core that likely emanated from a non-conformal coating of 
the TiO2, that was not observed for thicker shells where only a single electronic state was 
present.  The comparative electrochemical data indicate that there is a thermodynamic 
incentive for the injected electrons to localize in the SnxTi1-xO2.  
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The capacitance of the SnO2, increased markedly for even the thinnest TiO2 shells.  
Larger chemical capacitances for TiO2 thin films relative to SnO2 have been previously 
reported.29 Such behavior is likely due to the inherently different band structures.  Tight 
binding models reveal that oxygen p orbitals contribute to both valence bands, while the 
conduction band is predominately d orbitals for TiO2 and s orbitals for SnO2.
23,55 The density 
of states is proportional to effective mass, me, of the electron that indicate at least a ten-fold 
greater density of states for TiO2.
51,56  In addition, TiO2 has a larger dielectric constant than 
SnO2 providing greater screening and a higher density of states.
57,58 The observation that a thin 
shell of TiO2 has such a tremendous impact on the density of states is important not only for 
dye-sensitization, but for energy storage in batteries and supercapacitors.  
Small perturbation, time resolved photocurrent measurements of dye-sensitized 
electrons revealed a straight forward way to distinguish between transport through the SnO2 
core or the TiO2 shell.  Transport through TiO2 is highly sensitive to the number of electrons 
present in the material,59 while transport in SnO2 is not.
24 Hence a simple light intensity 
dependence reveals the likely electron transport path.  For unannealed core/shell materials, 
only a very weak light intensity dependence was observed indicating that the electrons were 
flowing through the core.  For annealed materials, a strong light intensity dependence indicated 
transport through the TiO2 shell.  Since mesoporous thin films of SnxTi1-xO2 were unavailable, 
the possibility of transport within this material this could not be addressed experimentally.  
However, the similar light intensity dependence of the core/shell materials with that of TiO2 
alone suggests transport through the shell.    
Transient photovoltage measurements indicate that the shell does indeed inhibit 
unwanted recombination with the electrolyte as has been previously reported.24 This technique 
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does not directly report on the identity of the acceptor, but prior literature strongly suggests 
that it is I3
-.24  Even when a thin 0.5 nm TiO2 shell was present, the lifetime of the injected 
electrons was enhanced relative to the SnO2 core alone.  The lifetime was further increased 
with thicker TiO2 shells that was more pronounced in unannealed than annealed thin films, 
suggesting the presence of deep traps states in the former.  Such behavior is in agreement with 
previously published transient absorption studies of recombination to oxidized dyes that was 
attributed to electron transfer from the crystalline TiO2 shell.
25 Transport through annealed 
shells is expected to provide stronger electronic coupling with I3
- and hence faster 
recombination than with electrons in the core.   The transient photovoltage data support the 




The results of this Chapter strongly suggest that core/shell SnO2/TiO2 mesoporous thin 
films are better described as SnO2/SnxTi1-xO2/TiO2. The mixed metal oxide region between the 
core and the shell possesses the lowest energy states and provides a thermodynamic sink for 
injected electrons.  Evidence for transport through the SnO2 core was only achieved for 
unannealed samples.  Annealing the materials resulted in the formation of a rutile shell and 
provided a new pathway for electron transport.  Annealing also promoted unwanted charge 
recombination reactions.   In unannealed films the TiO2 shell serves as both a spatial and 
energetic barrier to charge recombination for electron localized in the SnxTi1-xO2 interfacial 
states.  The increased capacitance measured with even a thin layer of TiO2 suggests that 




2.6 Additional Content: Supporting Data 
 
Figure 2.10: TEM images of SnO2 with shells of TiO2 prepared by A) 10 B) 50, and C) 75 
cycles of ALD cycles. 
 
 
Figure 2.11: The TiO2 shell thickness determined by TEM versus number of ALD cycles with 





Figure 2.12: Raman spectra of unannealed SnO2/TiO2 with a 0.5 nm (purple), 1 nm (blue), 3 
nm (orange), and 5 nm (red) shell. Films were sintered after TiO2 deposition at 200 °C under 
O2. The peak growing in at ~630 cm
-1 may be due to surface/defect sites within the TiO2 shell 




Figure 2.13: A) Absorbance spectra of annealed SnO2/TiO2 mesoporous thin films of 
increasing shell thicknesses measured in air. B) Absorbance spectra of RuP sensitized annealed 




Figure 2.14: A) Diffuse reflectance spectra of unannealed SnO2/TiO2 films of increasing shell 




Figure 2.15: A) The UV-vis absorbance difference spectra of SnO2 films at increasingly 
negative applied potentials with the spectra at 0 V as a reference.  The data was normalized in 
B).  The inset in A. shows difference spectra showing the fundamental absorption bleach over 





Figure 2.16: Difference absorbance spectra of SnO2 with A) 1 nm, B) 2 nm, C) 4 nm, and D) 






Figure 2.17: A) Spectroelectrochemical data (colored) of SnO2 with 0.5 nm annealed TiO2 
shell with overlaid fits (black). B) The potential associated spectra (PAS) of species 1 (black) 






Figure 2.18: Difference absorbance spectra of SnO2 with A) 0.5 nm, B) 1 nm, C) 2 nm, D) 3 





Figure 2.19: Overlaid normalized (at 900 nm) absorbance spectra of SnO2 (black) and with 
0.5 nm (purple), 1 nm (blue), 2 nm (green), 3 nm (orange), and 5 nm (red) unannealed TiO2 
shells in 0.1 M LiClO4/CH3CN. 
 
 
Figure 2.20: Chemical capacitance of SnO2/TiO2 with 0.5 nm (purple), 1 nm (blue), 2 nm 
(green), 3 nm (orange), and 5 nm (red) TiO2 shells as a function of the applied potential 






Figure 2.21: Transient photocurrent decays (color) with variable white light intensity 
illumination of SnO2/TiO2 with A) 0.5 nm, B) 1 nm, C) 2 nm, and D) 5 nm annealed shells 
with overlaid biexponential fits (black). 
 
 
2.7 Additional Content2: Evidence for an Electronic State at the Interface Between the 
SnO2 Core and the TiO2 Shell in Mesoporous SnO2/TiO2 Thin Films 
 
2.7.1 Introduction 
Wide band gap semiconductors have been utilized extensively for application in solar 
energy conversion,60 catalysis,61 and ion batteries.1 A particularly interesting solar application 
exists in water and halide oxidation with dye-sensitized mesoporous nanocrystalline oxide thin 
 
2 This work was previously published in ACS Applied Energy Materials with contributions 
from E. M. James, T. J. Barr, and G. J. Meyer. Reprinted with permission. Copyright 2018 
American Chemical Society.  
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films.62,63 In photoelectrochemical cells equipped to generate hydrogen gas at a counter 
electrode, light absorption by a dye is followed by excited-state electron injection into a metal 
oxide semiconductor like TiO2.
22 Ideally, the oxidized dye is then regenerated by electron 
transfer from a halide or a catalyst capable of water oxidation. Because water and bromide 
oxidations are kinetically slow, significant recombination of the injected electron with the 
oxidized dye (or oxidized catalyst) noticeably lowers the efficiency.12,13 In attempts to mitigate 
this unwanted charge recombination reaction, researchers have found that a core/shell oxide 
architecture provides significant enhancements of the solar-to- fuels efficiency.15,21,23,26,63 In 
the following text, comparative spectroelectrochemical studies designed to identify the 
molecular origin(s) of the enhanced solar fuel production are reported for core/shell materials.  
 
Scheme 2.1: Excited-state dye injection into a core/shell SnO2/TiO2 (A) and TiO2 (B).  The 
band edge offset model is often employed to rationalize the kinetics for charge recombination 
to the oxidized dye, kcr, that occurs on longer time scales for the core/shell SnO2/TiO2 than for 
TiO2. 
 
A particularly successful core/shell material for dye-sensitized water oxidation is 
composed of a SnO2 core with a TiO2 shell.
21 This material choice provides a TiO2 surface 
known to quantitatively accept electrons from a wide variety of excited states, often on ultrafast 
time scales.16,64 Tin oxide single crystals have the most positive conduction band edge of all 
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the common binary oxides18,65 and an electron diffusion coefficient that is 100 times higher 
than that of TiO2.
19 Hence, this particular core/shell structure is expected to benefit from 
quantitative excited-state electron injection into a TiO2 shell with subsequent 
thermodynamically favored transfer to a SnO2 core that provides more favorable transport 
properties. The band offsets shown in Scheme 2.1 are usually employed to rationalize enhanced 
water or halide oxidation efficiencies21,63 and slow charge recombination as electrons in the 
SnO2 core are expected to encounter a barrier when they enter TiO2 prior to interfacial electron 
transfer.15  
Charge recombination between an injected electron and an oxidized dye occurs on 
much longer time scales for SnO2/TiO2 core/shell materials than for TiO2 alone.
22,25,63,66 
However, the origin(s) of this behavior and hence the enhanced water/halide oxidation remain 
speculative.22,63 Idealized interfaces implied by Scheme 2.1 ignore the fact that the electronic 
properties of mesoporous thin films of nanocrystallites often differ from those of bulk 
semiconductors.67 The high surface-to-volume ratio of the mesoporous thin films is often 
proposed to result in a high density of “trap” states68 that are commonly modeled with an 
exponential distribution of localized “acceptor states” that reside below the conduction band 
edge.25,69,70 Hence, an alternative explanation for the core/shell benefit is that the shell 
passivates these putative trap states and thereby removes a recombination pathway.26 In situ 
characterization of the core/ shell electronic states motivated this research as it was expected 
to provide new insights that could one day enable efficient solar fuel production.  
The energetic position of the electronic states in wide band gap metal oxide 
semiconductors is dependent upon the local environment, which in this case is the surrounding 
electrolyte composition. For example, previous studies have reported that the band edge 
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positions of both TiO2 and SnO2 mesoporous thin films shift by 59 mV/pH decade in aqueous 
solutions.71,72 Standard ultrahigh vacuum techniques like photoelectron spectroscopy are hence 
of limited value. Instead, in situ characterization is most useful. Spectroelectrochemistry has 
emerged as a tremendously powerful tool71,72 that demonstrated that the experimental data 
disseminated within are consistent with the presence of a single, pH-dependent electronic state 
relevant to dye-sensitized solar fuel generation in SnO2/TiO2 core/shell thin films.  
In this text is a comparative spectroelectrochemical study of core/shell SnO2/TiO2, 
TiO2, and SnO2 mesoporous thin films in aqueous electrolytes from pH 1 to 10 designed to 
identify the location of electrons injected into these materials. The UV−vis absorption spectra 
of these materials were measured from pH 1 to 10 over a wide potential range. Charge 
extraction techniques were used to estimate the extinction coefficient of the injected electrons 
and their energetics. An intriguing result was the identification of one pH-dependent, electronic 
state whose onset potential was significantly positive of that for SnO2 or TiO2 alone providing 
more optimal energetics for excited-state injection. No evidence for conduction band edges 
like those idealized in Scheme 2.1 was identified experimentally. The implications for practical 
application in solar fuel generation are discussed. 
 
2.7.2 Results 
2.7.2.1 Film Characterization 
Mesoporous thin films of 4−8 μm thickness were prepared of TiO2 or SnO2 
nanocrystallites by previously published techniques and were similar to those commercially 
available for application in dye-sensitized solar cells.30,75 Mesoporous SnO2/TiO2 core/shell 
thin films were prepared by a previously described technique that involves atomic layer 
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deposition (ALD) of a TiO2 shell on a freshly prepared SnO2 thin film.
73,74 Unless otherwise 
stated, all the mesoporous thin films were annealed for 30 min at 450 °C under 1 atm of O2 
gas. A transmission electron microscopy (TEM) analysis showed nonconformal TiO2 layers of 
approximately 2.5 nm thickness on a SnO2 core of approximately 15 nm diameter (Figure 
2.22A). To determine the crystallinity of the core/shell nanoparticles, Raman spectroscopy was 
performed. Under the deposition conditions used, it was expected that amorphous TiO2 shells 
would be present.42,76 In the Raman spectra shown in Figure 2.22B, the unannealed SnO2/TiO2 
core/shell films show one characteristic peak of the core, crystalline rutile SnO2 at 633 cm
−1 
with no evidence of the crystalline anatase or rutile polymorphs of TiO2.
77 After annealing, the 
Raman spectrum revealed broad peaks at 245, 430, and 600 cm−1, characteristic of rutile TiO2 
in addition to the SnO2 peak, which appears as a shoulder on the broad rutile TiO2 peak.
78 
During the annealing process, the rutile structure of the SnO2 core influenced the TiO2 
crystallization in an epitaxial-type growth.25,42,76 
             
Figure 2.22: A) A transmission electron microscopy (TEM) image of core/shell SnO2/TiO2. 
B) Raman spectra of annealed (black) and unannealed (gray) core/shell SnO2/TiO2, SnO2 (red), 








The UV−vis absorption spectra of the mesoporous SnO2 and TiO2 films revealed an 
absorption onset at wavelengths less than 380 nm assigned to the fundamental VB → CB 
transition. When these films were reduced in a spectroelectrochemical cell a black color was 
evident to the eye. Figure 2.23 shows a representative spectrum of a TiO2 film in pH 7 buffered 
0.1 M LiClO4/0.1 M Tris buffer aqueous electrolyte as the potential was changed from 0 to 
−0.8 V versus NHE. The spectral data were in good agreement with previously reported studies 
in acetonitrile.51,69 The main features were a bleach of the fundamental absorption and an 
absorption increase at longer wavelengths. The spectra measured at each potential were 
identical when normalized, consistent with the presence of one state. The absorption change 
increased exponentially with the applied potential,51 which is in agreement with the well-
established literature that reports an exponential distribution of TiO2 acceptor states.
51,69 The 
blue shift of the fundamental absorption observed in reduced semiconductor films has been 
attributed to a Burstein−Moss-type shift79,80 or to a Stark-like electric field effect.81  
 
Figure 2.23: Absorbance spectra of TiO2 mesoporous thin films in pH7 0.1 M LiClO4/ 0.1 M 
Tris buffer aqueous electrolyte at increasingly negative potentials (vs. NHE) where the baseline 
reference spectrum is of the film at open circuit. 
 





















Figure 2.24 provides representative spectra of a SnO2 thin film immersed in pH 7 
buffered 0.1 M LiClO4/0.1 M Tris aqueous electrolyte from +0.3 to −0.8 V (vs NHE). The 
spectra were potential dependent, showing three distinct features. As the potential was stepped 
from +0.3 to −0.3 V (vs NHE), a bleach in the fundamental absorption appeared at wavelengths 
<350 nm (Figure 2.24 inset). At applied potentials more negative than −0.3 V (vs NHE), an 
absorbance increase was observed at longer wavelengths. As the applied potential nears −0.8 
V, an irreversible absorption peak appears at wavelengths <400 nm.51 As a result, the potential-
dependent spectra were not normalizable. Potential associated spectral deconvolution was used 
to determine that three unique functions, each representing an underlying absorption spectrum, 
were needed to model the data. A linear combination of three functions modeled the 
experimental data well: (1) a sigmoidal representing the bleach of the fundamental absorption; 
(2) an exponential function representing the long-wavelength absorbance increase; and (3) a 
second sigmoidal function representing the irreversible peak below 400 nm.51 The unique 
spectra found when reducing TiO2 or SnO2 demonstrated that electrons within SnO2 and TiO2 
could be uniquely identified by their absorption spectra and were used to investigate the 




Figure 2.24: Absorbance spectra of SnO2 mesoporous thin films in pH 7 0.1 M LiClO4/ 0.1 M 
Tris buffer aqueous electrolyte at increasingly negative potentials (vs. NHE) where the baseline 
reference spectrum is of the film at open circuit. 
 
The absorption spectra measured upon reduction of the core/shell SnO2/TiO2 were 
expected to show a combination of SnO2 and TiO2 absorption spectral features. Instead, spectra 
which appeared similar to that of TiO2 were observed, a blue shift of the fundamental 
absorption and a long-wavelength absorption in the visible region. The spectra were 
normalizable over the potential range studied (Figure 2.25A). The reduction onset in the 
core/shell thin films had an onset at more positive potentials than either SnO2 or TiO2. In the 
studies of SnO2 nanocrystalline thin films, partial electrochemical reduction led to a blue shift 
of the fundamental absorption that was observed prior to any long-wavelength absorption 
changes. There was no evidence for such states in the core/shell nanocrystalline films studied 
here (Figure 2.25A, inset).  



































Figure 2.25: A) Absorption spectra of annealed core/shell SnO2/TiO2 mesoporous thin films 
in pH 7 0.1 M LiClO4/ 0.1 M Tris buffer aqueous electrolyte at increasingly negative potentials 
(vs. NHE) where the baseline reference spectrum is of the film at open circuit B) Absorbance 
change monitored at 900 nm during spectroelectrochemical charge extraction in pH 7 0.1 M 
LiClO4/ 0.1 M Tris buffer aqueous electrolyte with overlaid linear fit. 
 
The extinction coefficient and the absorption spectra at different applied potentials 
were used to estimate the density of acceptor states in the core/shell SnO2/TiO2 thin films. The 
modified Beer−Lambert Law given in Equation 2.6 relates the absorption change ΔA to the 







)  (2.6) 
Here, the following abbreviations apply: ε is the extinction coefficient, F is Faraday’s constant, 
and θ is the angle of the thin film relative to the light path (45°). The charge extracted was 
expressed as a chemical capacitance.  
The extinction coefficient was determined through charge extraction, a spectro-
electrochemical technique wherein the charge stored within the film is related to the 
absorbance change. In previously reported studies, charge extraction was used to determine 
the extinction coefficients of TiO2 and SnO2 of 1200 and 930 M
−1 cm−1 at 900 nm, 
respectively.51,52 The SnO2 value was subject to more error due to the presence of multiple 



























































electronic states.52 Charge extraction was utilized here to determine the extinction coefficient 
of the core/shell SnO2/ TiO2. A plot of ΔA (absorbance) versus charge extracted (C/cm
2) is 
shown in Figure 2.25B. The plot is linear with an intercept at the origin within experimental 
error. The extinction coefficient was abstracted from the slope and was found to be 1000 





Figure 2.26: Absorption spectra of unannealed core/shell SnO2/TiO2 mesoporous thin films in 
A) pH 1 0.1 M HClO4, B) 0.1 M LiClO4 in pH 4 potassium acid phthalate buffer, and C) 0.1 
M LiClO4 in pH 10 buffered aqueous electrolyte at increasingly negative potentials (vs. NHE) 




























































































65 ± 0.3 mV/pH 
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where the baseline reference spectrum is of the film at open circuit D) Plot of applied potentials 
where an absorbance of 0.1 is observed at each pH with overlaid linear fit. 
 
Reductive spectroelectrochemistry was performed on both annealed and unannealed 
SnO2/TiO2 films in aqueous electrolytes at pHs 1−10. The absorbance spectra were pH- 
independent within reasonable experimental error (Figure 2.26A−C). However, the reduction 
onset occurred at more negative potentials as the pH was raised. Figure 2.26D correlates the 
potentials at which an absorbance of 0.1 was observed at 900 nm with the solution pH. The 
best fit line had a slope of 65 ± 0.3 mV/pH that is in close agreement to the known Nernstian 
shift of 59 mV/pH reported for single crystal oxide semi- conductors.19,67,68,72 
 
2.7.3 Discussion 
The improved solar fuel generation and the slow recombination reported for dye-
sensitized core/shell SnO2/TiO2 mesoporous thin films, relative to those of TiO2 or SnO2 alone, 
has been widely attributed to the band edge offset model shown ideally in Scheme 2.1. An 
approximately 500 meV more positive conduction band edge is expected for rutile SnO2 
relative to anatase TiO2 when present as mesoporous nanocrystalline thin film materials 
immersed in a common aqueous electrolyte as was utilized herein.19,25,66,82 This comparative 
spectroelectrochemical study calls this model into question as it provides no evidence for two 
discrete electronic states at energies relevant to dye-sensitization. The reduction of the SnO2 
and TiO2 mesoporous thin films resulted in color changes consistent with the prior 
literature,51,69 but which were distinctly different from that measured for SnO2/TiO2. At the 
same time, these core/shell SnO2/TiO2 mesoporous thin film materials were prepared by a 
previously reported ALD technique that resulted in enhanced solar fuel generation21,73,74 and 
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slow charge recombination to an oxidized dye or catalyst.22 Hence an alternative model is 
needed. One consistent with the data herein is proposed: a single electronic state is present 
within a homogeneous SnxTi1−xO2 region near the core/shell interface that is weakly coupled 
to molecules anchored to the shell yet with sufficient capacitance to store injected electrons 
present during one sun of solar illumination. Below, these and other observations with their 
interpretations are discussed in the broader context of the field with particular attention to 
application in solar energy conversion. 
2.7.3.1 Electronic State.  
Figure 2.27 shows overlaid spectra of SnO2, TiO2, and SnO2/TiO2 absorption spectra 
measured when approximately 50 electrons were present in each nanoparticle. The reference 
utilized was a fully oxidized thin film. The number of 50 has been estimated for one sun of 
AM 1.5 illumination of a conventional dye-sensitized anatase solar cell and is subject to a large 
error.52 A bleach of the fundamental absorption band consistent with a blue shift was observed 
for all the oxides that has been previously attributed to band edge filling (Burstein−Moss-type 
shift) or electric fields generated by the excess electrons.79–81 The origin(s) of the long- 
wavelength absorption are more speculative in the literature and have been attributed to both 
trapped and conduction band electrons.33,68  
A key finding here was that standard addition of the spectra measured for TiO2 and 
SnO2 did not enable one to accurately simulate the spectra measured for the SnO2/TiO2 films. 
The spectral data show this for 50 electrons/particle with analysis at other values leading to the 
same conclusion. Particular attention was paid to the condition when only a few electrons were 
introduced into the thin films. This was done because photoelectrosynthesis cells operate under 
a short circuit condition where a small steady-state concentration of electrons would be 
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expected with the thin films relative to a regenerative photoelectrochemical solar cell. 
Furthermore, under conditions where a small number of electrons were potentiostatically 
injected, SnO2 thin films displayed a blue shift of the fundamental absorption edge with no 
significant visible absorption. Hence, if the electrons were present in the core of the core/shell 
thin films, a similar blue shift would have been expected, but this was not observed. Instead, 
within reasonable experimental error the spectra of reduced SnO2/TiO2 thin films were 
independent of the number of injected electrons, behavior like that measured for TiO2. Hence, 
there was no evidence of electrons in the core of the core/shell materials. This conclusion was 
surprising and stands at odds with the band edge offset model. Instead, the data indicate that a 
unique electronic state exists in the SnO2/TiO2 core/shell material that is not present in TiO2 
or SnO2 alone. 
 
Figure 2.27: Absorbance spectra measured at approximately50 injected electrons per 
nanoparticle for SnO2/TiO2 (black), TiO2 (blue), and SnO2 (red) mesoporous thin films 
immersed in pH 7 0.1 M LiClO4/ 0.1 M Tris buffer aqueous electrolyte. 
 
Many authors have modeled the density of TiO2 electronic states within the 
nanocrystalline mesoporous thin films with an exponential dependence on the applied 
potential.69–71 Such analysis of TiO2 performed here was in good agreement with literature 





















reports.51 In contrast, the potential-dependent spectra measured for SnO2 required 
consideration of three separate spectral features suggestive of three electronic states: a long 
wavelength growth; the fundamental absorption bleach; and an irreversible peak in the blue 
region. Potential associated spectral analysis revealed that the long-wavelength absorption 
followed an exponential dependence (similar to TiO2) on the applied potential while the other 
absorption features showed a sigmoidal dependence.51  
The absorbance data of the reduced core/shell SnO2/TiO2 materials were well-modeled 
by an exponential dependence on the applied potential (E), Equation 2.7, where b is a constant 
and a1 represents the absorption amplitude at a given wavelength λ. 
𝐴(𝜆, 𝐸) = 𝑎1(𝜆) ∗ 𝑒
−𝑏∗𝐸       (2.7) 
Figure 2.28 shows that a single absorption spectrum, whose amplitude varied 
exponentially with the applied potential, models the experimental data well at all wavelengths. 
The appearance of only one unique electronic state over the potential window relevant to dye-
sensitization suggests that distinct core SnO2 or shell TiO2 electronic states are not relevant to 
the steady-state concentrations of trapped carriers present during solar fuel generation. Instead, 
the data are more consistent with electrons being present within a homogeneous SnxTi1−xO2 




Figure 2.28: Overlay of single absorption spectrum (black) with the spectroelectrochemical 
data (colored) of annealed SnO2/TiO2 in pH 1 0.1 M HClO4 aqueous electrolyte.  The arrow 
shows the direction of a more negative applied potential as the quasi-Fermi level was raised 




2.7.3.2 Energetic Position of the Electronic States 
Spectroelectrochemical charge extraction has been utilized in previous studies of 
mesoporous nanocrystalline thin films to determine the energetic position of electronic states 
in TiO2 and SnO2.
51,52 In the charge extraction approach, the amount of charge present in the 
mesoporous thin film after an applied potential step was quantified spectroscopically. The 
charge was converted to a capacitance, normalized to the geometric area of the thin film, and 
reported as a function of the applied potential. Herein is the first application of this approach 
to determine the energetics of the electronic states in the SnO2/TiO2 core/shell mesoporous thin 
films.  
Such data are shown in Figure 2.29A as a plot of the applied potential versus the 
chemical capacitance. At potentials greater than 0 V vs NHE, the capacitance was zero as no 
reduction occurred. As the potential was raised toward the vacuum level, a reduction onset 





















occurred, and the capacitance increased exponentially as the potential was raised further. For 
SnO2 thin films the apparent maximum at more negative potentials shown in Figure 2.29A 
should be viewed with caution as it was accompanied by some irreversible chemistry. A 
simplifying assumption is that the energy levels are the same whether or not the state is 
populated with an electron; i.e., the presence of injected electrons does not influence the energy 
levels of the other acceptor states. With these assumptions, the unfilled states at more negative 
potentials than the solid lines shown could accept an electron from an excited-state dye. After 
excited-state electron injection into the oxide, relaxation to energies near the onset potential 
would be expected to yield the electron donor that can reduce the oxidized dye. 
The reduction potential onset was much more positive for the SnO2/TiO2 core/shell 
materials than for TiO2 or SnO2 alone and followed the trend SnO2/TiO2 > SnO2 > TiO2. 
Annealing the core/shell materials resulted in an approximately 100 mV positive shift in the 
energetics of these states. This too is important for dye-sensitization as it provides additional 
thermodynamic incentive for excited-state injection by dyes that are weak 
photoreductants.58,83–88 This may contribute to the larger water oxidation efficiencies reported 
for dye- sensitized core/shell materials.21,23 The potential onset data are also inconsistent with 




Figure 2.29: A) Chemical capacitance as a function of the applied potential for annealed 
(black) and unannealed (gray) core/shell SnO2/TiO2, TiO2 (blue), and SnO2 (red) in pH 7 0.1 
M LiClO4/ 0.1 M Tris base aqueous electrolyte. B) Chemical capacitance as a function of the 
applied potential for unannealed SnO2/TiO2, TiO2 at pH 1 (red), 4 (orange), 5 (yellow), 7 
(green), 8 (blue), and 10 (purple). 
 
Larger chemical capacitances indicate a higher density of the electronic states. The 
maximum ∼7 mF/cm2 chemical capacitance of SnO2 is much lower than that of TiO2, which 
exceeds >50 mF/cm2.51 This behavior can be rationalized by the fact that SnO2 has a smaller 
effective mass of electrons and a smaller dielectric constant (that provides a larger Coulombic 
penalty for storage of multiple charges).51 Both the annealed and unannealed SnO2/TiO2 
core/shell materials had a density of states much more comparable to that of TiO2 than SnO2 
which is important for applications in dye-sensitized solar cells. The excited-state injection 
rate constant is predicted to be determined by the overlap of the dye’s excited-state reduction 
potential with the density of acceptor states.83–85 Indeed, slow excited-state injection into SnO2 
relative to TiO2 has been previously attributed to the lower density of acceptor states in 
SnO2.
16,87 Theoretical considerations have traced this to a conduction band composed mainly 
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The data here indicate that SnO2/TiO2 core/shell materials will promote fast excited-state 
injection as TiO2 does.  
It is well-documented that the conduction band edge of single crystal oxide 
semiconductors,71,72 such as SnO2 and TiO2, shifts by 59 mV/pH unit. In order to test whether 
the electronic states in the core/shell SnO2/TiO2 were also sensitive to pH, 
spectroelectrochemical analysis was performed from pH 1 to 10. Over this entire pH range, 
only one absorption spectrum was required to model the data, consistent with the presence of 
a single state. While the spectra were pH- independent, the onset potentials were not. Indeed, 
a 65 mV/pH decade was determined which is in close agreement with that expected for a 
Nernstian shift. Figure 2.29B shows this data as a chemical capacitance. It is tempting to 
conclude that the strong pH dependence indicates that the electronic states are in direct contact 
with the aqueous electrolyte. However, a Fermi level shift with pH at the shell 
oxide−electrolyte interface would also be expected to influence the energetics at the core 
precluding such a simple interpretation. 
 
2.7.4 Conclusions 
Reductive spectroelectrochemistry and charge extraction techniques were utilized to 
determine the location of injected electrons in core/shell SnO2/TiO2 mesoporous thin films. 
The absorbance spectra of reduced SnO2/TiO2 were found to be unique and dissimilar to those 
of SnO2 or TiO2, suggesting that only one electronic state was populated within these 
SnO2/TiO2 films. The possibility of a distribution of states cannot be fully ruled out, but no 
spectroscopic evidence for this was obtained. An exponential density of states was determined 
from potential-dependent measurements. Interestingly, the energetic position of the electronic 
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state onset was significantly more positive for SnO2/TiO2 than for either SnO2 or TiO2. Taken 
together, the data provide indirect evidence for injected electrons residing in a homogeneous 
SnxTi1−xO2 region. The previously reported slow recombination reactions that enable more 
efficient fuel generation in core/shell SnO2/TiO2 materials is now attributed to weak electronic 
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CHAPTER 3: Sensitizer Electro-absorption as a Probe of Electron Location in 
SnO2/TiO2 Core/Shell Nanostructures 
 
3.1 Introduction 
The absorption, photoluminescence, and vibrational spectra of various molecules have 
been shown to change as a result of an applied electric field, sometimes referred to as a ‘Stark 
effect’.1–4  The effect was first observed in transition metal complexes in frozen solution by 
Oh and Boxer.5 Some of the complexes studied were similar to dyes used in dye-sensitized 
solar cells.  
For many years it was believed that dyes anchored to the surface of TiO2 would be 
insensitive to the electric field formed by injected electrons because TiO2 has a large dielectric 
constant.6,7 However, this expectation was disproven by two groups in 2010.4,8 The presence 
of an electric field on sensitized TiO2 is of particular interest in dye-sensitized solar cells 
(DSSCs) and dye-sensitized photoelectrosynthesis cells (DSPECs) as it is expected to impact 
important ion transport processes at the sensitized semiconductor-electrolyte interface.9,10  
The [Ru(bpy)2(4,4’-(PO3H2)2-bpy)]
2+ dye, where bpy is 2,2’-bipyridine, used in this 
study is expected to have a small ground state dipole, but in the metal-to-ligand charge transfer 
excited state, the dipole is much larger. When the change in dipole moment (∆?⃗?) between the 
ground and excited state is oriented away from the TiO2 surface and the electric field is oriented 
towards the surface (i.e. anti-parallel), the MLCT absorbance shifts towards higher energies, 
Scheme 3.1.8,11 The magnitude of the spectral shift has been used to quantify the electric field 
experienced by the dye.12,13 The electric field has been characterized on two metal oxide 
semiconductors, such as ZnO and TiO2;
14,15 however, to our knowledge the surface electric 
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field has not been quantified on dye-sensitized core/shell SnO2/TiO2 nanoparticles, which is 
the subject of this Chapter.  
 
Scheme 3.1: Ruthenium polypyridyl dye bound to TiO2 with electric dipole moment vector 
(∆?⃗?) of the molecule and the electric field vector due to electrons injected into TiO2 (?⃗?) 
depicted. 
 
The core/shell SnO2/TiO2 structure has become the focus of much interest for use in 
DSPECS.16,17 The core/shell structure benefits from a high excited state electron injection yield 
and inhibited charge recombination to an oxidized dye or water oxidation catalyst compared 
to SnO2 alone.
18,19 Recently, we undertook a spectroelectrochemical study of unsensitized 
films to determine where injected electrons localize within the core/shell architecture.20 The 
data suggested that electrons reside in a low energy SnxTi1-xO2 interfacial state between the 
SnO2 core and the TiO2 shell.
20,21 In this Chapter, we further investigate SnO2/TiO2 
nanostructures through determination of the electric field with a ruthenium polypyridyl dye as 
the reporter. 
In this Chapter, a comparative study of dye-sensitized SnO2, anatase-TiO2 (a-TiO2), 
rutile-TiO2 (r-TiO2), and annealed and unannealed SnO2/TiO2 core/shells with a variable TiO2 
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shell thickness is presented. Reductive spectroelectrochemical experiments were performed to 
determine the magnitude of the electric field which acts on [Ru(bpy)2(4,4’-PO3H2-bpy)]
2+, 
termed ‘RuP’, sensitized semiconductor films. The magnitude of the MLCT absorbance shift 
as electrons were potentiostatically injected into the films was used to determine the electric 
field magnitude.  
 
3.2 Results and Discussion 
Mesoporous thin films of SnO2, anatase TiO2 (a-TiO2), and rutile TiO2 (r-TiO2) 
nanoparticles were made from doctor-blading a viscous solution of the metal oxide 
nanoparticles onto a fluorine doped tin oxide glass.21–23 The TiO2 shell was formed through 
atomic layer deposition (ALD) using tetrakis-dimethyl amine titanium (IV), as detailed in a 
previous publication.20 By controlling the number of ALD cycles, shell thicknesses between 
~0.5 nm and 5 nm were deposited. After ALD, the films were heated to 200 °C, termed 
‘unannealed’ which has an amorphous TiO2 shell, or 450 °C, termed ‘annealed’, which had  a 
rutile TiO2 shell.
20  [Ru(bpy)2(4,4’-PO3H2-bpy)]Cl2 (RuP) was synthesized as previously 
reported.24 Films were sensitized by submersion in a methanol solution of RuP overnight, then 
soaked in CH3CN for at least 30 minutes before use. Reductive spectroelectrochemical 
experiments were performed in 0.1 M LiClO4/CH3CN electrolyte using a three-electrode setup 
as described previously.20 Increasingly negative potentials were applied and spectra were taken 
after a potential was held for a minimum of 90 s.   
Figure 3.1A shows the absorbance spectrum of RuP on annealed SnO2/(2 nm) TiO2 at 
applied potentials that ranged from +0.4 to -0.4 V vs NHE. The absorbance spectra were 
replotted as difference spectra, Figure 3.1B, and showed a dip in the broad absorbance at 
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wavelengths near 480 nm due to a blue shift in the MLCT. The difference spectra corrected 
for the absorbance of the reduced thin film shows a first derivative shape centered around 460 
nm that increased in magnitude with applied forward bias, Figure 3.1C. Interestingly, there 
appeared to be two peaks in the difference spectra. This double peak was observed in the 
difference spectra of all the materials in the study and attributed to an electric field influencing 













Figure 3.1: A) Absorbance spectra of SnO2/TiO2 with 2 nm annealed shell sensitized with RuP 
from +0.4 to -0.4 V vs NHE. The arrow indicates the direction of increasingly negative 
potentials. B) Absorbance difference spectra of the data in part A and C) the difference spectra 
corrected for absorbance due to electrons within SnO2/TiO2 nanoparticles. 
 
From the MLCT bleach, a field magnitude was calculated using Equation 3.1 where:  
∆A is the bleach minimum of the MLCT, 
𝑑𝐴
𝑑?̅?
 is the derivative of the absorption spectrum at 
open circuit, 𝛥?⃗? is the change in dipole moment of the molecule, ?⃗? is the electric field, h is 
Planck’s constant, and c is the speed of light.13 A Δ?⃗? value of 4.75 D was utilized from previous 







When the same number of electrons were present in the films, anatase-TiO2 exhibited 
an electric field greater than the rutile polymorph, and SnO2 showed the largest electric field, 
Figure 3.2A. The presence of a 0.5 nm TiO2 shell on a SnO2 core resulted in a lower electric 
field compared to SnO2 alone. Thicker TiO2 shells lowered the electric field. The electric field 
became independent of shell thickness when at least 2 nm of TiO2 deposited.  Unannealed 
films, which did not have detectable crystalline TiO2, demonstrated a similar electric field to 
annealed films upon addition of 0.5 nm TiO2. However, unlike annealed films, the electric field 
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of unannealed films showed minimal change upon deposition of more TiO2, Figure 3.2B.  The 
field strengths increased approximately linearly with the amount of injected charge. Best fit 
lines overlaid on the data show some deviations from linearity, especially for r-TiO2.  
 
Figure 3.2: Calculated electric field versus injected charge in a-TiO2 (black stars), r-TiO2 (gray 
stars) and SnO2 with no shell (purple squares), 0.5 nm (blue), 1 nm (light blue), 2 nm (teal), 3 
nm (yellow-green), 4 nm (orange), and 5 nm (red) A) annealed (circles) and B) unannealed 
(diamonds) TiO2 shells in 0.1 M LiClO4 in CH3CN with overlaid linear fits. 
 
The onset reduction potentials were dependent on the substrate composition.20,21 
Therefore, the magnitudes of the fields are compared when the same number of injected 
electrons were present, rather than at a fixed applied potential. The data from the linear fits 
were taken and compared at 1 mC/cm2 of injected charge, Figure 3.3. The largest electric field 
of 0.59 MV/cm measured for SnO2 and the value was greater than for a-TiO2, 0.19 MV/cm, or 
r-TiO2, 0.13 MV/cm. When 0.5 nm TiO2 was deposited on top of the SnO2, the electric field 
was ~0.14 MV/cm for both annealed and unannealed films. With a thicker TiO2 shell, the 
magnitude of the electric field was dependent upon the post-deposition sintering temperature. 
In unannealed films, the electric field averaged 0.12 ± 0.02 MV/cm with shell thicknesses of 
91 
 
2-5 nm. In annealed films, the electric field averaged only 0.05 ± 0.01 MV/cm for the same 
range.  
 
Figure 3.3: Electric field for SnO2, a-TiO2, and r-TiO2 as well as SnO2/TiO2 core/shell 
materials, where the TiO2 shell thickness was raised to 5 nm, was compared at 1 mC/cm
2. 
 
The observed trend in the electric field magnitude of SnO2> a-TiO2> r-TiO2 is 
attributed to the dielectric constants of the materials. The lowest dielectric constant is reported 
for SnO2, ε= 14,
25 compared to that of a-TiO2, which has a range of reported dielectric constants 
between 30 and 100,6,26–28 or r-TiO2, ε= 86, Table 3.1.
25 The decrease in the field magnitude 
of the SnO2/TiO2 relative to SnO2 was attributed to charge screening by the TiO2 shell. The 
extent of screening was expected to be affected by both shell thickness and dielectric constant.  
 
Table 3.1: Dielectric constants of the semiconductors used in this study. 
Semiconductor Dielectric Constant (ε) Reference 
SnO2
* 14a, 9b 23 
Anatase-TiO2 30, 45, 78, 100 24, 25, 26, 27 
Rutile-TiO2
* 86a, 170b 23 
ALD deposited TiO2 32, 35, 38 26, 28, 29 
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*The reported dielectric constants are dependent on crystal direction where (a) denotes ε11=ε22 
and (b) denotes ε33 
 
Electrons localized in the core or the interfacial state between the core and the shell, as 
proposed previously,20,21 would be spatially separated from the dyes by the shell. It was 
expected that as the shell thickness was increased, the surface electric field experienced by the 
dyes would decrease. The field magnitude was significantly lower when 0.5 nm shells were 
present relative to bare SnO2. However, the field magnitude only decreased slightly between 
0.5 and 2 nm annealed shells, but did not decrease for unannealed shells >0.5 nm. These data 
indicate that shell thickness alone cannot be used to explain the observed electric field 
magnitudes, particularly at shell thicknesses ≥2 nm. Indeed, the lowest electric field 
determined from the MLCT shift was dependent upon the post-deposition sintering conditions.  
The electric field magnitudes measured for the annealed and unannealed films can be 
explained by the dielectric constant of the TiO2 shell. Amorphous TiO2 as deposited by ALD 
has been reported to have a dielectric constant ε~ 35.28–30 This leads to lower charge screening 
when compared to shells composed of at least partially rutile TiO2. The rutile phase TiO2 which 
forms when sintering films at 450 °C has a high dielectric constant,25 and may screen the charge 
of injected electrons more effectively, providing an even lower surface electric field compared 
for the dyes to the amorphous, unannealed shells.  
Coulomb’s law indicates an inverse relationship between the electric field and the 
dielectric constant of the medium between a point charge and a set distance. If dielectric 
constants of the TiO2 shell alone determined the magnitude of the electric field experienced by 
the dyes, then the electric field was expected to be 2.5 times higher at equal injected charge for 
unannealed, amorphous TiO2 shells than annealed, rutile TiO2 shells. Congruent with the 
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expected ratio, the experimentally determined electric fields of unannealed films were an 
average of 2.4 times higher than electric fields of annealed films with shell thicknesses 1-5 nm. 
Both annealed and unannealed films with 0.5 nm shells had similar electric fields magnitudes. 
At this small shell thickness, it is unlikely that a detectable amount of rutile-TiO2 is present
25 
Therefore, the similar electric field determined for annealed and unannealed films with a 0.5 
nm shell may arise from little crystalline TiO2 formed during annealing at this shell thickness. 
As additional support for a rutile TiO2 shell contributing to the low electric field, we 
have reported that rutile TiO2 was not detectable by Raman spectroscopy in SnO2/TiO2 films 
until a minimum of 2 nm of TiO2 was deposited,
20 the same thicknesses at which the electric 
field magnitudes significantly deviated for annealed and unannealed films. The data suggest 
that the electrons injected into the core/shell SnO2/TiO2 films are localized away from the 




This study has shown that the absorption spectra of RuP anchored to core/shell 
SnO2/TiO2 films provide information on where electrons reside in core/shell materials. The 
data indicate that the electrons reside either in the SnO2 core or a SnxTi1-xO2 interfacial state 
between the core and the shell. The electric field, as reported on by the dyes, was smallest 
when at least 2 nm annealed TiO2 shells were present. Unannealed shells produced a slightly 
higher electric field than their annealed counterparts, behavior attributed to the dielectric 
constant of the TiO2 shell. The trend is consistent with a model where electrons are localized 
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away from the surface either in the core or a core/shell interface with significant charge 
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CHAPTER 4: Efficiency Considerations for SnO2 Based Dye-Sensitized Solar Cells 
4.1 Introduction 
 Dye-sensitized solar cells (DSSCs) provide a means of converting sunlight into 
electrical power.1  A typical DSSC utilizes a mesoporous thin film of anatase TiO2 
nanocrystallites with molecular dyes, termed sensitizers, as the photoelectrode.2,3  Motivated 
by a more favorable band edge position and enhanced electron transport properties, SnO2 based 
DSSCs are reasonably expected to be superior to those based on TiO2.
4–6 The more positive 
conduction band edge of SnO2 is expected to allow excited-state electron transfer from 
sensitizers that are weak photoreductants and absorb light more strongly in the red and infrared 
regions.  This increased light-harvesting ability is expected to improve DSSC efficiency.  
However, anatase TiO2 remains the oxide semiconductor of choice, achieving device 
efficiencies in excess of 14%.7,8   The origin(s) of the inferior performance of SnO2 remains 
speculative and is often attributed to more rapid charge recombination with oxidized iodide 
species in the electrolyte.4,9,10  Atomic layer deposition of a TiO2 shell over a SnO2 core has 
been successfully employed to inhibit this recombination,9,11  yet DSSCs based on these 
materials remain inferior.  The electronic structure of nanocrystalline SnO2 and SnO2/TiO2 
core-shell nanoparticles was the subject of several recent studies.12–14 It was found that 
nanocrystalline SnO2 possesses at least three distinct redox active states.
12 The influence of 
these states on charge recombination kinetics, as well as unanswered questions regarding the 
low performance of SnO2 based devices require additional study. This Chapter reports a 
comparative study of dye-sensitized SnO2 and TiO2 in iodide containing CH3CN electrolytes.   
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Mesoporous thin films of nanocrystalline TiO2 or SnO2 were sensitized to visible light 
with the sensitizer [Ru(dtb)2(dcb)](PF6)2, where dtb = 4,4’-((CH3)C)2-2,2’-bipyridine and dcb 
= 4,4’-dicarboxy-2,2’-bipyridine, Scheme 4.1.15 This sensitizer was selected, as its visible 
absorption spectrum is particularly sensitive to the presence of electric fields and has a very 
positive reduction potential Eo RuIII/II = 1.36 V vs NHE that provides a large driving force for 
sensitizer regeneration through iodide oxidation.16–18  The data provide compelling evidence 
that the low efficiency of SnO2-based DSSCs results from more rapid recombination with the 
oxidized sensitizer.  Recombination to the redox mediator is in fact found to be much slower 
for dye-sensitized SnO2 relative to TiO2.  Strategies to improve the efficiency of DSSCs based 
on SnO2 are discussed.   
 
Scheme 4.1:Structure of [Ru(dtb)2(dcb)]
2+ abbreviated as SnO2|Ru, TiO2|Ru or generically 
MO2|Ru when anchored to oxide surfaces. 
 
4.2 Results and Discussion 
The sensitized thin films, abbreviated as SnO2|Ru, TiO2|Ru or the generic MO2|Ru, 
displayed the characteristic metal-to-ligand charge transfer (MLCT) absorption band in the 
visible region.  Surface coverages, Γ, were determined using Equation 4.1,19 where ε is the 
extinction coefficient (16,400 M-1 cm-1 at 465 nm).20 Higher surface coverages were generally 
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obtained for TiO2 (~8 x 10
-8 mol-1 cm-2) when compared to SnO2 (~4 x 10
-8 mol cm-2), in 
agreement with prior observations.21 
𝐴𝑏𝑠 = 1000 ×  𝜀 ×  Γ  (4.1) 
The presence of 0.1 M LiClO4 or Mg(ClO4)2 in the acetonitrile solution that surrounds 
the sensitized mesoporous thin film resulted in a bathochromic (red) shift of the MLCT 
absorption. Relative to neat CH3CN, a larger spectral shift was observed for 0.1 M Mg(ClO4)2 
when compared to 0.1 M LiClO4, Figure 4.1.  Similar bathochromic shifts have been reported 
for dye-sensitized TiO2 interfaces and attributed to the electric field created when the 
electrolyte cation adsorbs to the dye-sensitized oxide surface.20,22,23  
 
Figure 4.1: The visible absorption spectra of SnO2|Ru films immersed in neat acetonitrile 
solution or 0.1 M LiClO4 and 0.1 M Mg(ClO4)2 acetonitrile electrolytes. 
  
Nanosecond transient absorption measurements were performed on the sensitized thin 
films in argon purged acetonitrile electrolytes.  Consistent with many previous reports,3 pulsed 
532 nm light excitation of the sensitized thin films in 0.1 M LiClO4/CH3CN solution resulted 
in the prompt bleach of the MLCT absorption band with a weak positive absorption at 
wavelengths greater than 600 nm.10,16,24 The spectral data are fully consistent with rapid excited 
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state injection, kinj > 10
8 s-1, to yield a MO2(e
-)|RuIII charge separated state.  This state was 
found to be much longer lived with TiO2 than with SnO2.  Shown in Figure 4.2 are 
representative kinetic data that corresponds to the recombination of the injected electron with 
the oxidized sensitizer, MO2(e
-)|RuIII → MO2|Ru.    
 
Figure 4.2: Transient absorption kinetic data monitored at 480 nm after pulsed 532 nm laser 
excitation of SnO2|Ru (gray) and TiO2|Ru (black).  Overlaid on the data in yellow are best fits 
to the KWW function, Equation 4.2. 
 
The kinetics for this reaction were non-exponential, but were well modeled by the 
Kohlrausch-Williams-Watts (KWW) function,25,26 Equation 4.2, where k is the rate constant, 
A0 is the initial amplitude, and β is inversely related to the width of an underlying Levy 
distribution of rate constants.  The best fits are overlaid in yellow on the data in Figure 4.2.  
For this kinetic data, the best fits were achieved with β-values of 0.33 and 0.3 for SnO2 and 
TiO2 respectively.  An “average” rate constant, kcr, was calculated from the first moment of 
102 
 
this distribution, Equation 4.3.  Average rate constants were about two orders of magnitude 
larger when SnO2 was utilized relative to TiO2, Table 4.1. 
𝐴(𝑡) = 𝐴0𝑒







  (4.3) 
 The addition of iodide to the external electrolyte solution markedly shortened the time 
required for the bleach to return to the initial value, Figure 4.3.  This occurs because iodide 
transfers an electron to the oxidized sensitizer in a process often referred to as sensitizer 
regeneration.  Representative kinetic data with overlaid fits to the KWW function are given in 
Figure 4.3.  The average rate constants extracted from this data were found to increase linearly 
with the iodide concentration, providing second-order rate constants for sensitizer regeneration 
that were similar in magnitude for the two metal oxides, Table 4.1 and Figure 4.8. The 
regeneration yield calculated with Equation 4.4 is near unity under experimental conditions 





  (4.4) 
However, previous studies of anatase TiO2 indicate that the regeneration quantum yield 
decreases at electron concentrations simulating the power point condition with even the most 
highly optimized dyes due to an increase in kcr.
28,29
 Hence with an approximately 2 orders of 
magnitude larger kcr, it is not that surprising that inefficient sensitizer regeneration lowers the 
efficiency of SnO2 based DSSCs.  Regeneration at dye-sensitized SnO2 will be more 
problematic when ionic liquids and viscous electrolytes are employed or with sensitizers such 
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as N3, cis-Ru(dcb)2(NCS)2, that have a smaller driving force for sensitizer regeneration 
through iodide oxidation.30,31   
 
Table 4.1: Kinetic data for recombination of the injected electron with the oxidized sensitizer 




-)|RuIII + I- → 




5 [0.33] 9.8 x 104 6 x 1010 
TiO2 1.5 x 10
3 [0.3] 1.6 x 103 5 x 1010 
 
 
Figure 4.3:Transient absorption kinetic data monitored at 480 nm after pulsed 532 nm laser 
excitation of A) SnO2|Ru and B) TiO2|Ru with the indicated concentration of TBAI in a 0.1 M 
LiClO4/CH3CN solution. Overlaid on the data in black are best fits to the KWW function, 
Equation 4.2. 
 
Shown in Figure 4.4A are the absorption features measured after pulsed 532 nm light 
excitation of SnO2|Ru in the presence of 0.25 M TBAI and 0.1 M LiClO4.  Under these 
electrolyte conditions, rapid excited state injection and sensitizer regeneration were expected 
to yield injected electrons and triiodide.32 Consistent with this expectation, the positive 
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absorption at ~ 370 nm was assigned to I3
- with a very weak absorption due to the injected 
electrons MO2(e
-) at longer wavelengths.20  In addition, a first derivative like feature centered 
at ~470 nm was observed for TiO2 and SnO2 in both Li
+ and Mg2+ containing electrolytes, 
Figure 4.4B.  This feature has previously been reported by several groups for dye-sensitized 
TiO2
16,23,33,34 and attributed to a uni-directional shift in the ground state spectrum of the 
sensitizer due to the electric field generated by the injected electrons.  Consistent with a lower 
permittivity,35 it is concluded here that sensitizers anchored to SnO2 also experience a 
significant electric field generated by the injected electrons. The field magnitudes of 0.3 
MV/cm quantified 1 μs after excited state injection20,34 were very similar for both 
semiconductor materials in the Mg2+ containing electrolyte.  Interestingly, the field 
experienced by the sensitizer was much smaller in the Li+ containing electrolyte indicating that 
this cation is able to screen electric field more effectively than Mg2+.  The sample-to-sample 
variation in the electric field magnitude was somewhat larger for the dye-sensitized SnO2 as 







Figure 4.4: (A) Spectral changes observed after pulsed 532 nm light excitation of SnO2|Ru 
submerged in argon purge acetonitrile containing 0.1 M LiClO4 and 0.25 M TBAI. (B) Spectra 
measured 2.5 μs after excitation for TiO2 and SnO2 substrates in the presence of 0.25 M TBAI 
and either 0.1 M LiClO4 or Mg(ClO4)2. 
 
Figure 4.5: A) The absorption change monitored at 375 nm after pulsed 532 nm excitation of 
SnO2|Ru and TiO2|Ru in 0.1 M of the indicated cation perchlorate salt in 0.25 M TBAI/CH3CN 
with overlaid best fits to the KWW function.  B) The absorption change monitored at 375 and 
800 nm after pulsed 532 nm excitation of SnO2|Ru in 0.1 M LiClO4/0.25 M TBAI/CH3CN. 
  
Shown in Figure 4.5A are the absorption changes monitored at 375 nm after pulsed 
light excitation of MO2|Ru in the presence of either Li
+ or Mg2+ cations in 0.25 M TBAI 





could be accurately monitored to track the recombination reaction MO2(e
-) + I3
- →. A summary 
of the rate constants is given in Table 4.2. 
 
Table 4.2: Electric field magnitudes and average rate constants for MO2(e
-) + I3
- → charge 
recombination. 
 SnO2 TiO2 
Cation k(s-1) [β] kkww (s
-1) 
Electric Field at 
1 µs (MV cm-1) k (s-1) [β] kkww (s
-1) 
Electric Field at 
1 µs (MV cm-1) 
Li+ 21±5[0.39] 6.0±1.4 0.008±0.002 400± [0.45] 160±10 0.13±0.01 
Mg2+ 3±1 [0.39] 0.9±0.3 0.3±0.1 37±7[0.45] 15±3 0.39±0.05 
 
 A striking observation from the kinetic data is that charge recombination to I3
- occurred 
much more slowly for electrons injected into SnO2 relative to TiO2. Although the data shown 
in Figure 4.5 were normalized, experiments performed where the number of injected electrons 
was held constant consistently showed slower recombination for SnO2. The faster 
recombination in the Li+ containing electrolytes is consistent with more effective screening of 
the electric field relative to Mg2+.  Interestingly, recombination of electrons injected into SnO2 
in the Mg2+ containing electrolyte represents the slowest interfacial charge recombination 
reaction to I3
- that we are aware of.  This is surprising given that a previous publication 
concluded the opposite behavior, i.e. faster recombination with dye-sensitized SnO2.
4 In this 
prior report, recombination was monitored in an operational DSSC at observation wavelengths 
of 800 nm or longer where the injected electrons SnO2(e
-) absorb light.  
 Recent spectroelectrochemical and charge extraction studies of dye-sensitized 
mesoporous SnO2 thin films revealed that two distinct redox active states exist in SnO2 at the 
potentials relevant to DSSC operation.12 As the quasi-Fermi level of the SnO2 was raised in an 
electrochemical cell, a significant amount of charge was transferred to the oxide without a 
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visible color change.  These non-absorbing electrons were termed ‘phantom electrons’.  As the 
Fermi-level was raised further, reduction of SnO2 resulted in absorption spectra that were very 
similar to that observed for TiO2.   The presence of two types of SnO2 electrons raises the 
question of whether monitoring charge recombination at long wavelengths might report on 
recombination with only one type of electron.  It remains unknown whether injected electrons 
relax exclusively into the so-called phantom states, thereby precluding visible light 
observation, or whether an equilibrium exists between the two states.  
 To address this issue, recombination was monitored at 375 nm to probe the I3
- 
concentration and at 800 nm where the injected electrons absorb light.  Such data is shown in 
Figure 4.5B and reveals that the kinetics were within experimental error the same. The signal-
to-noise ratio at 800 nm was quite poor due to the weak absorption, nevertheless the kinetic 
data at both wavelengths were in good agreement from which very similar average rate 
constants were extracted.  This data indicates that either the phantom states do not participate 
in charge recombination, or (more likely) a rapid equilibrium exists between the two SnO2(e
-) 
states such that they behave as a single state on the timescale of charge recombination.   
In order to understand the optically active states in both oxide materials, the absorption 
of I3
- (375 nm) and MO2(e-) (800 nm) were compared over a 20-fold change in excitation 
irradiance. The absorption amplitudes measured 100 μs after excitation are shown in Figure 
4.6.  An extinction coefficient for MO2(e
-) was calculated based on the slope of the best fit line 
using Equation 4.5, where 𝐴𝑒−  and  𝐴𝐼3− represent the absorbance change at 800 nm and 375 




  (4.5) 
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The factor of 2 accounts for the two oxidizing equivalents required to form one I3
-.32 
The value for 𝜀𝐼3− at 375 nm was taken as 1.90 x 10
4 M-1 cm-1 based on a previous literature 
report.32  
 
Figure 4.6: The absorbance change measured at 800 nm (MO2(e
-)) versus the absorption 
change measured at 375 nm (I3
-) 100 s after pulsed light excitation of the indicated sensitized 
oxide in a 0.1 M LiClO4/0.25 M TBAI/CH3CN solution.  Each data point was signal averaged 
to improve the signal-to-noise ratio, and the indicated error bars represent a standard deviation.  
The solid lines represent best fits to the data. 
 
Extinction coefficients of the injected electrons were determined to be 900 ± 100 and 
2000 ± 100 M-1 cm-1 for TiO2 and SnO2, respectively. The extinction for TiO2 compares well 
with previously reported values based on charge extraction measurements (930 M-1 cm-1),20 
whereas the values extracted here for SnO2 are significantly higher than the recently reported 
“effective” extinction coefficient (910 M-1 cm-1).12  The two distinct populations of electronic 
states in SnO2 are a likely origin of this discrepancy since the prior work did not explicitly 
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account for the phantom electrons.12 Herein, the data were reevaluated and an extinction 
coefficient of 2200 M-1 cm-1 was determined at 800 nm for reduced SnO2, Figure 4.9.  
 To investigate whether the slow recombination to I3
- measured spectroscopically also 
occurred in operational DSSCs, transient open circuit photovoltage, Voc, measurements were 
made in a 0.1 M LiClO4/0.25 M TBAI/0.05 M I2/CH3CN electrolyte using a small perturbation 
technique.37,38  When the same amount of charge was injected into the oxides, the transient Voc 
decays were consistently longer lived for SnO2 relative to TiO2.  The electron concentration 
within the film was determined by charge extraction at matched Voc in 0.1 M LiClO4, Figure 
4.7, and in 0.1 M Mg(ClO4), Figure 4.10.  Figure 4.7A shows representative data with overlaid 
fits to a first-order kinetic model from which the lifetime of the injected electron was extracted, 
τ = 78 ms for SnO2(e
-) and 27 ms for TiO2(e
-).  Under all excitation conditions studied, the 
electron lifetimes were consistently longer for SnO2(e-), Figure 4.7B.  The transient 
photovoltage decays indicate a smaller rate constant for charge recombination with oxidized 
iodide mediators that is in agreement with the spectroscopic measurements. 
 
Figure 4.7: A) Transient photovoltage decay for TiO2|Ru and SnO2|Ru based dye-sensitized 
solar cells with 0.1 M LiClO4/0.25 M TBAI/0.05 M I2/CH3CN electrolyte with an overlaid fit 
to a first-order kinetic model.  The number of injected electrons was approximately constant 
at ~2.5x1017 cm-3.  B) Electron lifetime obtained from the fits of the transient photovoltage 




Slower recombination from SnO2(e
-) relative to TiO2(e
-) might have been expected 
based on the interfacial thermodynamics.   The one electron reduction potential of I3
- in 
acetonitrile is -0.35 V vs NHE32 and hence electron transfer from the conduction band is less 
favored for SnO2 by virtue of its ~ 300 meV more positive flat band potential.
32,39  Shown in 
Scheme 4.2 are the distributions of optically active acceptor states for both SnO2 and TiO2 
quantified by spectroelectrochemical measurements in Li+ electrolyte.12  The onset potential 
for the reduction of SnO2 is clearly more positive than that of TiO2.  When the same numbers 
of electrons are present in SnO2 and TiO2 with capacitances less than 5 mF/cm
2, the reduction 
of I3
- is more highly disfavored for SnO2 behavior that is consistent with the kinetic data 
reported herein. 
 
Scheme 4.2: Comparison of the Eo(I3
-/I2
.-,I-) reduction potential with the distribution of 
electronic states in SnO2 and TiO2 in Li
+ containing acetonitrile electrolytes.  The more positive 
onset potentials for SnO2 relative to TiO2 indicates a more unfavorable redox reaction for 
SnO2(e
-) + I3
- → redox reaction. 
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4.3 Conclusions  
 This study probed the origin(s) of the low efficiency of SnO2-based dye-sensitized solar 
cells compared to those based on TiO2. Charge recombination to I3
- was not responsible for the 
poor device performance of the SnO2–based DSSCs.  In fact, recombination was significantly 
slower for SnO2 as shown by both transient absorption and photovoltage decay measurements 
in two separate electrolytes. This kinetic data is in agreement with a less thermodynamically 
favored reaction for SnO2 based on its more positive flat band potential. The low DSSC 
efficiency was instead determined to originate from two orders of magnitude faster 
recombination with the oxidized sensitizer. This recombination path competes kinetically with 
sensitizer regeneration through iodide oxidation and thus lowers the efficiency of DSSCs based 
on SnO2.  Alternative redox mediators that more rapidly regenerate the sensitizer and/or 
methods to inhibit recombination with the oxidized sensitizer are expected to improve the 
efficiency of DSSCs based on SnO2.  
 
4.4 Experimental Section 
4.4.1 Materials  
 The following solvents, reagents and materials were purchased from their listed 
sources, at their given purities and were used without further purification: Acetonitrile 
(Burdick and Jackson, spectrophotometric grade), tetrabutylammonium iodide (TBAI, Sigma-
Aldrich) lithium perchlorate (LiClO4, Sigma-Aldrich, 99.99%); magnesium perchlorate 
(Mg(ClO4)2, Sigma-Aldrich, ACS reagent grade),  tin oxide (SnO2) nanoparticles (15% w/v, 
15 nm diameter, Alfa-Aesar); glacial acetic acid (Fischer, 99.7%), poly(ethylene glycol (Alfa-
Aesar, MW =12,000); poly(ethylene oxide) (Alfa-Aesar, MW = 100,000); titanium(IV) 
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isopropoxide (Sigma-Aldrich, 97%); Argon gas (Airgas, 99.998%); oxygen gas (Airgas, 
industrial grade); Meltonix (Surlyn 1170-25, Solaronix); fluorine-doped tin oxide-coated glass 
(FTO, Hartford Glass Co., Inc., 2.3 mm thick, 15 Ω/□); 2-propanol (Fischer); hydrogen 
hexachloroplatinate (IV) hydrate (H2PtCl6·H2O, Aldrich, 99.9+%); iodine (Sigma-Aldrich, 
reagent plus ≥99.8%). The sensitizer [Ru(dtb)2(dcb)](PF6)2 was available from a previous 
study.18 
4.4.2 Materials Preparation  
 Nanoparticles of SnO2 were prepared according to a previously reported method.
10,40 
In short, a 0.5 mL portion of glacial acetic acid was slowly added to a 15 mL aqueous 
suspension of SnO2. The solution was subsequently stirred at room temperature for 12 h before 
being transferred to a hydrothermal digestion vessel that was heated at 450 °C for 60 h. The 
resulting mixture was horn sonicated for 10 minutes before 2.5 wt% each of poly(ethylene 
glycol) and poly(ethylene oxide) polymers were added to the solution. Nanocrystallites of 
anatase TiO2 were prepared through acid hydrolysis of titanium(IV) isopropoxide according to 
a previously reported literature.41 Metal oxide thin films were prepared by doctor blading the 
prepared colloidal suspensions onto methanol cleaned glass or fluorine-doped tin oxide 
substrates with a Scotch brand (3M) clear adhesive tape as a spacer. Films were covered and 
dried at room temperature before being sintered in a 450 °C oven under an oxygen atmosphere. 
After cooling, the films were kept in an ~80 °C oven until use. Dye sensitization was achieved 
by reacting the thin films in mM acetonitrile solutions of [Ru(dtb)2(dcb)]
2+ for a minimum of 
12 h. The sensitized films were subsequently rinsed with neat acetonitrile and stored in 
acetonitrile until use.  
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4.4.3 Transient Absorption  
 Nanosecond transient absorption measurements were quantified from a previous 
described apparatus.42 Briefly, samples were excited with a Q-switched pulsed Nd:YAG laser 
(Quantel U.S.A. (BigSky) Brilliant B; 5-6 ns full width at half-maximum) tuned to 532 nm 
through a frequency doubling optic. The excitation fluence was measured using a thermopile 
power meter, and was maintained between 1-5 mJ/pulse. Samples were arranged in a T-shape 
formation, where a 150 W xenon arc lamp served as the probe beam. While investigating 
timescales <100 μs, this arc lamp was pulsed with 100 V to provide sufficient signal to noise. 
The probe light was passed through a monochromator (Spex 1702/04) optically coupled to a 
R928 photomultiplier tube (Hamamatsu). Glass filters were placed before the sample to limit 
direct bandgap excitation of the metal oxide films, while a 532 nm notch filter was placed 
between the sample and monochromator to limit the detection of scattered laser. Transient data 
was collected with a computer-interfaced digital oscilloscope (LeCroy 9450, Dual 350 MHz) 
with a typical instrument response time of ~20 ns. The frequency of data collection was 
typically 1 Hz though repetition rates of 0.5 Hz were used for certain samples where starting 
conditions were not reformed within 1 s. For the collection of transient difference spectra 30 
kinetic traces were averaged in 10 nm intervals between 350 – 800 nm.  Transient spectra were 
prepared by averaging 2-15 data points around the desired time delay to reduce noise. For 
transient data used in kinetic analysis, 30-120 kinetic traces were averaged to achieve sufficient 
signal-to-noise. UV-Vis spectra were recorded on a Varian Cary 60 before and after 
experimentation to ensure that no sensitizer decomposition occurred.   
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4.4.4 DSSC Preparation 
 Dye-sensitized metal oxide films on FTO, preparation described above, were used as 
the photoanode and platinized FTO was used as the cathode for operational DSSCs. The active 
area of metal oxide films of ~0.3 cm2 and the thickness of ~4 μm were measured on a Bruker 
DektakXT Profilometer. Cathodes were prepared by evaporating three drops of 1.5 mg/mL 
H2PtCl6/2-propanol onto FTO followed by sintering for 20 min at 450 °C. The photoanode and 
cathode were sealed together using Meltonix. The cells were filled with the 0.1 M LiClO4 (or 
0.1 M Mg(ClO4)2)/0.25 M TBAI/0.05 M I2/CH3CN electrolyte through a predrilled hole in the 
cathode and using the vacuum backfilling method. The hole was sealed using Meltonix and a 
glass cover slip. 
4.4.5 Transient Photovoltage Measurements 
 Transient photovoltage measurements of operational DSSCs were performed on a 
previously described home-built instrument.38,43 Cells were held at open circuit while 
illuminated with an array of white LEDs for 30 s to produce a steady-state photovoltage, where 
the magnitude was controlled by the intensity of the white LEDs. An array of blue LEDs was 
then pulsed to induce a small photovoltage perturbation (<5 mV). The open-circuit 
photovoltage was monitored as a function of time as photovoltage relaxed back to the steady-
state condition set by the white LEDs.  Eight pulses were averaged to increase the signal-to-
noise ratio. 
4.4.6 Charge Extraction Measurements 
 The electron concentration within operational DSSCs was estimated by the charge 
extraction technique on the same home-built instrument used for transient photovoltage 
measurements. The cell was held at open circuit while illuminated by an array of white LEDs 
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for 30s. The current was monitored after the light was turned off and the cell was quickly short-
circuited. The total charge in the mesoporous films was determined by integration of the 
current transient that was used to quantify the electron concentration within the mesoporous 
thin films. The light intensity was adjusted to match the experimental conditions of the 
corresponding transient photovoltage experiment, such that electron lifetime and electron 
concentration could be compared. 
4.4.7 Data Fitting 
 Data analysis and kinetic fitting were achieved with Origin 9.0 with least-squares error 
effectuated using the Levenberg-Marquardt iteration method.  
4.5 Additional Content 
4.5.1 Regeneration Rate Constants for Iodide Oxidation 
 
Figure 4.8: The observed rate constants, kobs, extracted as the first moment of the Kohlrausch-
Williams-Watts model, as a function of the TBAI concentration.  The best fit lines provide the 





4.5.2 Extinction Coefficient Determination for Reduced SnO2 
 Spectroelectrochemical data from a previous study were utilized to determine the 
extinction coefficients of the visible absorbance in reduced mesoporous SnO2 thin films.
12 The 
previous study utilized a so-called “potential associated spectra” (PAS) method to deconvolute 
three unique absorption spectra from the potential dependent spectroscopic data.  As the quasi-
Fermi level of SnO2 was raised toward the vacuum level in a spectro-electrochemical cell the 
first spectral change was a blue shift of the fundamental absorption (that were assigned to 
“phantom electrons”) followed by a broad featureless absorption associated with the 
population of optically active states.  A featureless absorption assigned to irreversible 
chemistry was observed at significantly negative potentials that was intentionally avoided in 
the present study.  
 An extinction coefficient for the optically active states was determined through a 
charge extraction technique, where the charge present within the reduced film is correlated 
with the measured absorption. In the previous study,1 the total charge was used to determine 
the extinction coefficient with no attempt to distinguish between optically active and inactive 
states. Application of PAS here was investigated to determine the extinction coefficient of the 
optically active states alone. The total charge extracted at a given applied potential was 
partitioned between the optically active and inactive states.  A plot of absorption vs. the charge 
present in the optically active state was then used to determine the extinction coefficient for 
the optically active states. Figure 4.9 shows that by accounting for the phantom electrons the 





Figure 4.9: Absorbance at 900 nm plotted versus the charge extracted from a mesoporous 
SnO2 thin film that was uncorrected (green) and corrected (blue) for the presence of optically 
inactive electrons that have been termed ‘phantom electrons.’ Overlaid on the data are linear 
fits from which the indicated extinction coefficients were determined. 
 
4.5.3 Electron Lifetimes for Dye-sensitized SnO2 and TiO2 through Photovoltage Decay 
 
Figure 4.10: Electron lifetimes obtained from the fits of the transient photovoltage decay 
measurements plotted against number of injected electrons in TiO2|Ru and SnO2|Ru DSSCs 
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CHAPTER 5: The Influence of Electron Transport on the Efficiency of Dye-Sensitized 
Solar Cells Based on SnO2 
 
5.1 Introduction 
The overall efficiency of a dye-sensitized solar cell (DSSC) is determined by the 
relative rates of competing electron transfer processes: electron injection and transport to the 
external circuit and charge recombination to the oxidized sensitizer or redox mediator.1 
Efficient electron injection and transport while minimizing charge recombination losses are 
necessary for optimal DSSC performance.1,2 DSSCs based on TiO2 have been reported as the 
most efficient of the metal oxides studied as electron injection and transport rates are quite 
high relative to the recombination rates.2   
DSSCs comprised of SnO2 were expected to have higher efficiencies than those 
comprised of TiO2 because the SnO2 acceptor states onset is ~ 400 meV more positive which 
theoretically provides better energetic overlap with sensitizer excited states to promote electron 
injection.3,4 However, excited state electron injection into SnO2 has been shown to be slower 
than into TiO2.
5 This has been attributed to poor sensitizer binding group orbital overlap with 
the 4s orbitals which comprise the SnO2 conduction.
5 Furthermore, rapid recombination to the 
oxidized sensitizer on SnO2 has been cited as a source for the lower efficiencies of SnO2 DSSCs 
in comparison to those of TiO2.
1,6,7  
Another expected benefit was the purported 100 times higher electron mobility in 
single crystal SnO2 than in TiO2
3,6,8 However, a study by Tiwana et al. concluded that the 
electron mobility in mesoporous films of TiO2 was higher than SnO2.
9 This conclusion has 
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been supported by evidence that the diffusion coefficient of electrons in SnO2 is lower than 
TiO2.
7,10 Therefore, examining electron transport through SnO2 films is of interest. 
Electron transport in mesoporous thin films is typically described with models where 
injected electrons reside in trap states below the conduction band and the rate(s) at which 
electrons move from one trap state to another limits the transport rate.2 Two common 
approaches are: 1) a continuous-time random walk model (CTRW)11 and 2) a multiple trapping 
model.2 In the CTRW model, electrons within trap states are thermally excited to conduction 
band states where they remain until they encounter another trap state.11,12 In the multiple 
trapping model, the electrons move from one trap state to another trap state without 
involvement of a delocalized conduction band.2 Transport in TiO2 has shown a power law 
dependence on electron concentration, and hence light intensity, consistent with both of these 
trap-limited transport models.13  
 As a complement to the trap-limited electron transport models, an ambipolar model has 
also been invoked to describe electron transport through TiO2, wherein transport of the injected 
electron and a charge compensating electrolyte cation are considered.14 Several groups have 
reported that TiO2 electron diffusion coefficients were dependent on electrolyte cation 
concentration, which supports ambipolar transport.15,16 However at high electrolyte 
concentrations (>0.1 M) the effect was less pronounced, suggesting that electron mobility 
within the films dominates the effective diffusion coefficient.15,16 At matching electrolyte 
cation concentrations, Wang et al. reported small variations in the TiO2 diffusion coefficients 
dependent on the identity of the cation, reporting slightly higher diffusion coefficients in Na+ 
containing electrolytes compared to Li+, Mg2+, and tetrabutylammonium.17 Previous work 




Mg2+, and Ca2+ containing electrolytes.18 To my knowledge, the effect of varying electrolyte 
cation identity on electron transport has not been explored for SnO2 DSSCs. 
In Chapter 2, it was shown that TiO2-based DSSCs exhibited electron concentration, 
and hence light intensity, dependent diffusion coefficients.10,13 In contrast, DSSCs based on 
SnO2 exhibited diffusion coefficients that were only weakly sensitive to the electron 
concentration.10 This behavior has been explored in more depth in this Chapter to elucidate 
whether this behavior was inherent to SnO2 or a function of the specific experimental 
conditions used in Chapter 2. The two sensitizers, [Ru(dtb)2((PO3H2)2-bpy)]
2+ and 
[Ru(bpy)2((PO3H2)2-bpy)]
2+, where dtb is 4,4’-di-tert-butyl-2,2’-bipyridine and bpy is 2,2’-
bipyridine, shown in Scheme 5.1 were utilized in this work. Three cation perchlorate salts, 0.1 
M Mg(ClO4)2, LiClO4, or NaClO4, were present in a 0.25 M tetrabutylammonium iodide/0.05 
M iodine/acetonitrile electrolyte.  
 
Scheme 5.1: Molecular structure of A) [Ru(dtb)2((PO3H2)2-bpy)]






5.2 Experimental Methods 
5.2.1 Cell Preparation  
 Mesoporous thin films of nanocrystalline SnO2 were prepared as described 
previously.10 The photoanodes were ~2.5 cm x 1.5 cm with an active area of ~0.3 cm2. The 
[Ru(dtb)2((PO3H2)2-bpy)](PF6)2, abbreviated as ‘Ru-dtb’, and [Ru(bpy)2((PO3H2)2-bpy)]Cl2, 
abbreviated as ‘Ru-bpy’, were available from previous studies. The SnO2 electrodes were 
sensitized by immersion in mM concentration of either Ru-dtb in acetonitrile or Ru-bpy in 
methanol for a minimum of 24 hours. The electrodes were soaked in neat acetonitrile overnight 
before use. Cathodes were prepared by airbrushing 1.5 mg/mL H2PtCl6 in 2-propanol onto 
clean FTO then sintering at 450 °C for 20 min. Cathodes and photoanodes were sealed together 
using a thermal gasket. A 0.25 M tetrabutylammonium iodide and 0.05 M iodine acetonitrile 
electrolyte with added 0.1 M LiClO4, 0.1 M NaClO4, or 0.1 M Mg(ClO4)2 was introduced to 
the cell by the vacuum back-filling method and sealed by a thermal gasket and a glass cover 
slip.  
5.2.2 Instrumentation 
 The experiments were performed on a home-built instrument as previously 
reported.10,18 Transient photovoltage decay measurements were performed at open circuit. The 
cells were illuminated with white light for 30 s to establish a steady-state photovoltage, the 
magnitude of which was controlled by the light intensity. Blue light was pulsed to induce a 
small photovoltage perturbation. The decay of the photovoltage back to the steady-state 
baseline was monitored as a function of time. Transient photocurrent decay was performed 




 Charge extraction measurements were obtained at both open circuit and short circuit. 
Open circuit charge extraction was performed by illuminating the cell under white light for 45 
s and holding the cell at open circuit to establish a photovoltage. The light was turned off as 
the cell was simultaneously switched to the short-circuit condition to extract the charge. Short 
circuit charge extraction was performed similarly; however, the cell was constantly held at 
short circuit. The charge extraction measurements determined the number of electrons within 
the films under set white light intensities, which were then correlated to the data obtained in 




 The dye-sensitized solar cells constructed with SnO2 are abbreviated SnO2|Ru-dtb or 
SnO2|Ru-bpy.  The sensitizer surface coverage was calculated using Equation 5.1, where Abs 
is the absorbance intensity of the metal-to-ligand charge transfer determine by UV-vis 
absorbance, ε is the molar extinction coefficient, and Γ is the surface coverage.  
𝐴𝑏𝑠 = 1000 ∗ 𝜀 ∗ Γ  (5.1) 
The surface coverage was calculated to be 5.4 x 10-8 mol/cm2 for SnO2|Ru-bpy and 2.3 x 10
-8 
mol/cm2 for SnO2|Ru-dtb.  
The performance of the cells was evaluated by current-voltage measurements under 
illumination. Figure 5.1A shows the current-voltage curves of SnO2|Ru-dtb with the indicated 
electrolyte cations, Mg2+, Li+, or Na+. For SnO2|Ru-dtb, the short-circuit current (Jsc) was 
cation dependent and followed the trend Mg2+>Li+>Na+. This trend follows the previously 
reported onset potentials for the electrochemical reduction of SnO2 where Mg
2+ in the 
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electrolyte shows the most positively positioned acceptor states, providing more energetic 
overlap with the distribution of electron-donating states in the sensitizer excited state.8 
Curiously, the opposite trend was observed for SnO2|Ru-bpy, where the Jsc was highest with 
Na+ and lowest with Mg2+, Table 5.1. The open circuit photovoltage (Voc), fill factors, and cell 
efficiencies for both sensitizers followed the trend of Mg2+<Li+<Na+. Without illumination, 
the current-voltage response onsets followed a similar trend. 
 Figure 5.1B compares the current-voltage characteristics of SnO2|Ru-bpy and SnO2|Ru-
dtb. The current-voltage curves of SnO2|Ru-bpy have a response resembling Ohm’s Law with 
very low fill factors; behavior observed for all cations with Na+ being slightly more optimal. 
The Jsc, Voc, fill factors, and efficiencies were typically higher for SnO2|Ru-dtb compared to 
SnO2|Ru-bpy, but the current-voltage response without illumination was similar for both 
sensitizers.  
The higher surface coverage for SnO2|Ru-bpy showed that the higher Jsc found for 
SnO2|Ru-dtb was not attributable to differences in the light absorption. The higher Jsc and Voc 
may be attributed to the more negative excited state reduction potential of the Ru-dtb (-0.70 V 
vs NHE) compared to Ru-bpy (-0.58 V vs NHE). However, this cannot account for the 





Table 5.1: Values of interest from current-voltage curves of SnO2|Ru-dtb and SnO2|Ru-bpy 
DSSCs.  
  Voc (mV) Jsc (mA/cm
2) Fill Factor Efficiency (%)* 
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Ru-dtb Mg2+ 228±8 2.6±0.3 0.29±0.01 0.45±0.02 
 Li+ 240±20 2.3±0.6 0.46±0.02 0.68±0.20 
 Na+ 334±28 1.7±0.1 0.54±0.01 0.81±0.11 
Ru-bpy Mg2+ 148±4 1.7±0.1 0.21±0.01 0.13±0.01 
 Li+ 221±2 1.5±0.3 0.25±0.02 0.22±0.07 
 Na+ 220±16 2.3±0.7 0.26±0.04 0.36±0.19 
*Efficiencies are estimates and should only be used for comparative purposes as the white 




Figure 5.1: Current-voltage responses of A) Ru-dtb in 0.1 M Mg(ClO4)2 (black), LiClO4 (red), 
and NaClO4 (blue) electrolyte and B) Ru-dtb (red) and Ru-bpy (green) in 0.1 M LiClO4 in the 
electrolyte. The dashed data correspond to the current-voltage responses without illumination.  
  
The concentration of electrons within the film under illumination was estimated using 
open circuit charge extraction. Figure 5.2A shows that electron concentrations at similar 
photovoltages followed the trend of Mg2+>Li+>Na+, for SnO2|Ru-dtb. The same trend was 
observed for SnO2|Ru-bpy, in agreement with the spectroelectrochemically determined 
acceptor states.8 Interestingly, Figure 5.2B shows that SnO2|Ru-bpy had a higher electron 
concentration than SnO2|Ru-dtb at similar photovoltage. The data indicate that the SnO2 
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acceptor states are highly dependent on the surface conditions, as both sensitizer and cation 
influenced the concentration of electrons.  
 
Figure 5.2: The number of electrons extracted from a DSSCs versus the open circuit 
photovoltage, Voc, for A) Ru-dtb in 0.1 M Mg(ClO4)2 (black squares), LiClO4 (red circles), and 
NaClO4 (blue triangles) electrolyte with exponential fits and B) Ru-dtb (red circles) and Ru-
bpy (green stars) in 0.1 M LiClO4 in the electrolyte. 
  
Charge recombination of injected electrons to the I3
- was measured by transient 
photovoltage decay. The rate of charge recombination is known to depend on concentration of 
injected electrons,19 so a range of incident light intensities was used to control the steady-state 
photovoltages. Figure 5.3A shows the change in photovoltage induced by a blue light pulse 
which subsequently returns to the steady-state photovoltage with a characteristic rate. These 
data were fit to an exponential function to obtain an electron lifetime, which was shortened 
under increased white light intensities. These electron lifetimes quantified at a given white 
light intensity were correlated to electron concentrations determined by open circuit charge 
extraction at matched white light intensities, shown in Figure 5.3B. The lifetimes had a cation 
dependent trend of Mg2+>Li+>Na+. The electron lifetime was also dependent on the identity of 
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the sensitizer, as SnO2|Ru-bpy exhibited a much longer lifetime under all electrolyte conditions 
studied, Figure 5.3C.  
 
Figure 5.3: A) Representative transient photovoltage decay with exponential fits (black) of 
SnO2|Ru-dtb in 0.1 M LiClO4 electrolyte under increasing white light intensity, I0. B) Electron 
lifetimes obtained from transient photovoltage decay fits as a function of electron 
concentration of Ru-dtb in 0.1 M Mg(ClO4)2 (black squares), LiClO4 (red circles), and NaClO4 
(blue triangles) electrolyte. C) Electron lifetimes obtained from transient photovoltage decay 
fits as a function of increasing electron concentration of Ru-dtb (red circles) and Ru-bpy (green 
stars) with 0.1 M LiClO4 in the electrolyte. 
  
Similarly, effective diffusion coefficients of electrons moving through the SnO2 to the 
back contact were obtained by transient photocurrent decay as a function of white light 
intensity. The photocurrent decays were fit to an exponential function, Figure 5.4A. The 
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lifetime as determined by the fit was used to calculate the diffusion coefficient by Equation 
5.2, where d is the film thickness and Dn and τn are the effective diffusion coefficient and 




       (5.2) 
 The calculated diffusion coefficients are shown in Figure 5.4B for SnO2|Ru-dtb and 
Figure 5.4C for SnO2|Ru-bpy. Electron concentrations at each white light intensity were 
determined by short circuit charge extraction. As observed previously,10 diffusion coefficients 
for SnO2|Ru-bpy in LiClO4 electrolyte were nearly independent of the electron concentration. 
Interestingly, this behavior was not ubiquitous, and the diffusion coefficient electron 
concentration dependence was heavily influenced by the cation identity. For SnO2|Ru-dtb, the 
diffusion coefficient in Mg2+ was a near constant ~2.0 x 10-5 cm2/s at each electron 
concentration. The diffusion coefficients did, however, exhibit an electron concentration 
dependence with Li+ and Na+, and the diffusion coefficients were highest in Na+.   
For SnO2|Ru-bpy, minimal electron concentration dependence was observed in both 
Mg2+ and Li+ with diffusion coefficients of ~0.6 x 10-5 cm2/s and ~0.8 x 10-5 cm2/s, 
respectively. With Na+ in the electrolyte, SnO2|Ru-bpy exhibited an electron concentration 
dependence, but to a lesser extent than SnO2|Ru-dtb in the same electrolyte. At an electron 
concentration of 0.09 x 1018/cm3 in Na+ electrolyte, the diffusion coefficient for SnO2|Ru-bpy 
was 2.8 x 10-5 cm2/s and 4.1 x 10-5 cm2/s for SnO2|Ru-dtb. The diffusion coefficients were 




Figure 5.4: A) Representative transient photocurrent decay with exponential fits (black) of 
SnO2|Ru-dtb in 0.1 M LiClO4 electrolyte under increasing white light intensity, I0. Diffusion 
coefficients obtained from transient photocurrent decay fits as a function of electron 
concentration for B) SnO2|Ru-dtb and C) SnO2|Ru-bpy in 0.1 M Mg(ClO4)2 (black squares), 
LiClO4 (red circles), and NaClO4 (blue triangles) electrolyte. 
 
5.4 Discussion  
 It was shown previously that the electron diffusion coefficients were lower in SnO2 
compared to TiO2, which raised the question of how electron transport through the film 
influences SnO2 cell efficiency.
7,9,10 The focus of this Chapter is the influence of both 
perchlorate electrolytes and the structure of the surface-anchored ruthenium polypyridyl 
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sensitizer on electron transport and efficiencies of SnO2 DSSCs. The effective electron 
diffusion coefficients were found to be cation and sensitizer dependent. Furthermore, the cells 
that exhibited the highest diffusion coefficients were correlated with the highest cell 
efficiencies. The observed cation and sensitizer trends and possible origin(s) are discussed.  
5.4.1 Charge Recombination 
 A high cell efficiency requires quantitative collection of injected electrons without 
detrimental charge recombination. Transient photovoltage decay experiments monitored 
charge recombination of injected electrons with the oxidized mediator, I3
- or I2. The electron 
lifetimes were cation dependent, with Mg2+>Li+>Na+. This trend has been observed previously 
for TiO2 and was attributed to cation adsorption to the metal oxide surface impacting the 
driving force for charge recombination.20  
Spectroelectrochemistry has shown that cations in the electrolyte shift the SnO2 
acceptor states to more positive energetic positions much more positive than the one electron 
reduction potential of I3
-, -0.35 V vs NHE, making the electron transfer thermodynamically 
unfavorable.8,21 The dark current from the current-voltage curves and the charge extraction 
experiments performed herein show the acceptor states to be the most positively positioned in 
the presence of Mg2+. Here, cells made with Mg2+ also exhibited the longest electron lifetimes 
as injected electrons likely reside in states much more positive than the I3
- reduction potential. 
In Na+, however, the electrons are likely injected into electronic states energetically closer to 
the I3
- reduction potential, giving rise to the shortest electron lifetimes. This cation trend was 
observed for both SnO2|Ru-dtb and SnO2|Ru-bpy cells.  
 Interestingly, the electron lifetime also showed a dependence on the ancillary ligand of 
the sensitizer. The Ru-dtb exhibited a shorter electron lifetime than Ru-bpy in all cation 
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perchlorates. This is likely due to the dtb steric bulk leading to lower surface coverage. The 
higher surface coverage in SnO2|Ru-bpy inhibited I3
- approach to the surface. A similar surface 
coverage dependence has been reported previously with ruthenium phenanthroline dyes 
anchored to TiO2.
22 
5.4.2 Electron Transport 
 Electron transport through TiO2 has been shown to be electron concentration 
dependent.17,18 In contrast, SnO2 was found to have electron transport nearly independent of 
electron concentration.10 In this Chapter, that behavior was found to be dependent on both 
sensitizer and cation identity.  
The effective diffusion coefficients, Dn, showed a cation dependence of Mg
2+<Li+<Na+ 
indicating that the electrolyte cation does impact transport in SnO2.  The extent to which Dn 
depended on electron concentration followed a similar trend. With Mg2+, Dn showed the least 
dependence on the number of electrons, and with Na+, Dn showed the most dependence. This 
behavior was unexpected because electron transport in TiO2 has exhibited much smaller 
differences based on cation identity than what was observed here.17,18 Electron transport 
independent of electron concentration may indicate that cation movement through solution 
rather than electron transport through the SnO2 is rate determining. 
The identity of the anchored sensitizer also influenced Dn. The sensitizer Ru-dtb 
consistently exhibited higher diffusion coefficients than Ru-bpy, likely due to increased steric 
bulk. The Ru-dtb is less closely packed than Ru-bpy, which has a surface coverage more than 
double that of Ru-dtb. For Ru-bpy, electron transport was nearly independent of electron 
concentration in all electrolyte conditions, suggesting that even the smallest cation examined 
may be slow to diffuse through the densely-packed Ru-bpy layer. For the sparser Ru-dtb layer, 
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however, only the large more highly charged Mg2+ diffused slowly enough to become rate 
limiting. Smaller and less charged cations diffused more quickly, leading to electron transport 
becoming rate limiting and electron concentration dependence being observed. A detailed 
study of the effects of surface coverage of a single sensitizer could lend credence to this 
speculation. 
In DSSC studies, the diffusion length is generally of interest and is calculated with 
Equation 5.3.23  
𝐿𝑛 = √𝜏𝑛𝐷𝑛  (5.3) 
To calculate the diffusion length, the effective diffusion coefficient, Dn, and electron lifetimes, 
τn, at matched electron concentration, n, in SnO2 must be used. However, the electron lifetimes 
were measured at open circuit and diffusion coefficients were measured at short circuit, and 
hence vastly different electron concentrations. Therefore, the diffusion coefficient versus 
electron concentration was linearly fit and extrapolated to the electron concentrations used in 
the transient photovoltage decays. The diffusion lengths calculated for all electrolytes and 
sensitizers were a least two times higher than the film thickness (~4 μm) and were indicative 
of quantitative electron collection.  
5.4.3 SnO2 Efficiency 
 The cells which had the lowest fill factors and efficiencies determined from current-
voltage curves also showed the lowest Dn.  Although Dn was low in Mg
2+ and Li+ containing 
electrolytes, the electron lifetime, τn, was quite long, indicating that recombination to I3
- is not 
a likely source of current loss. The calculated diffusion lengths were all above the thickness of 
the film, but values used to calculate diffusion length were obtained under open and short 
circuit conditions. Under these conditions, contributions from back electron transfer (BET) of 
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injected electrons to the sensitizer are likely to be minimal. However, BET has been reported 
to be rapid on SnO2 particularly under applied bias,
6,24 and has been cited as a key source of 
efficiency loss in SnO2 DSSCs.
6 Therefore, slow electron transport may give rise to efficiency 
loss due to BET under operating conditions. Altogether, the efficiency of the SnO2 solar cells 
is likely limited by the slow electron transport through the film, which is highly sensitive to 
both the cation and the sensitizer at the semiconductor surface.  
 
5.5 Conclusions 
 Electron transport in SnO2 DSSCs was examined in Mg
2+, Li+, Na+ containing 
electrolyte with either [Ru(dtb)2(4,4’-PO3H2-bpy)]
2+ or [Ru(bpy)2(4,4’-PO3H2-bpy)]
2+ 
anchored to the surface. Results were analyzed to examine the influence of electrolyte cation 
and sensitizer identity on the electron transport, quantified as an effective diffusion coefficient, 
Dn. The cation identity was found to heavily influence Dn which trended Mg
2+<Li+<Na+. In 
Mg2+ containing electrolyte, the Dn was nearly independent of electron concentration, perhaps 
indicating an ambipolar Mg2+ transport mechanism. Furthermore, Dn was consistently three 
times higher when [Ru(dtb)2(4,4’-PO3H2-bpy)]
2+ was utilized compared to [Ru(bpy)2(4,4’-
PO3H2-bpy)]
2+. The cation and sensitizer dependence indicate that electron diffusion within 
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CHAPTER 6: Spectroscopic Investigation of Surface States on Anatase TiO2 in the 
Presence of Adsorbed Phosphate 
 
6.1 Introduction 
 Wide band gap semiconductors have been the focus of much research due to their use 
in a wide variety of applications, including photocatalysis,1,2 solar devices,3 and lithium ion 
batteries.4,5 In particular, TiO2 has been the choice semiconductor for use in the photoanode of 
dye-sensitized solar cells (DSSCs) and dye-sensitized photoelectrosynthesis cells (DSPECs) 
due to its favorable conduction band edge position and stability.6–8 Because of its use as an 
electron transport material,9 the characterization of its underlying electronic properties remains 
the focus of much research.  
 In DSSCs and DSPECs, anatase TiO2 nanocrystallites interconnected in mesoporous 
thin films are used to create high surface area films that can be sensitized with a large number 
of dye molecules and hence harvest more sunlight.3,9 A common method for sensitizing TiO2 
is through phosphonate or carboxylate anchoring groups appended to molecular sensitizers.10  
The acceptor states of mesoporous TiO2 thin films have been characterized as an 
exponential distribution of states.11 Reductive spectroelectrochemistry is one method that has 
been used to examine the electronic states of anatase TiO2 mesoporous thin films and in non-
aqueous solvents, has revealed a broad absorbance across most of the visible spectrum 
attributed to electrons in the exponential distribution of acceptor states.12,13 In a phosphate 
buffered aqueous electrolyte, Boschloo and Fitzmaurice reported a unique absorbance feature 
at ~400 nm that was the most easily reduced state in the material and was attributed to TiO2 
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electrons in surface states at the TiO2/aqueous electrolyte interface.
14 The 400 nm absorbance 
had not been previously reported in non-aqueous electrolytes.13,14  
This Chapter reports on a further investigation into the “surface state” reported by 
Boschloo and Fitzmaurice. It was determined that the absorbance is indeed likely due to surface 
state electrons as was reported.14 However, the absorbance was only apparent when two 
conditions were met: 1) exposure to molecules that can anchor to the TiO2 surface, and 2) 
under an applied forward bias. The data provide evidence that phosphate binding to TiO2 
impacts its electrochemical behavior.  Evidence for surface acid/base chemistry influencing 
the electrochemical behavior is also reported.  
 
 6.2 Experimental 
6.2.1 Material preparation  
To prepare the mesoporous thin films of TiO2, a colloidal suspension of TiO2 
nanoparticles was first prepared by acid hydrolysis of titanium (IV) isopropoxide according to 
previously published methods.15 The suspension was doctor-bladed onto fluorine doped tin 
oxide coated glass (FTO) using scotch tape as a spacer to obtain ~4 µm thick films which were 
then sintered at 450 ºC for 30 minutes under 1 atm of O2. The 4,4’-diphosphonic acid-2,2’-
bipyridine (dpb) was available from previous studies. For measurements made with dpb, TiO2 
films were soaked in a saturated dpb methanol solution for a minimum of 48 h, then soaked in 
pH1 HClO4 aqueous solution for at least 30 min before use. 
6.2.2 Spectroelectrochemistry 
Spectroelectrochemical measurements were performed using a Cary 50 
spectrophotometer with a BASi CV-50W potentiostat. Charge extraction measurements were 
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made with a BASi Epsilon potentiostat. All difference absorbance spectra were referenced to 
the spectrum of a TiO2 mesoporous film in electrolyte without an applied bias. A standard three 
electrode cell arrangement was used with the TiO2 thin film deposited on FTO as the working 
electrode, platinum gauze as the counter electrode, and a Ag/AgCl in 4 M KCl aqueous 
electrolyte reference electrode.13,16 Electrolytes were purged for 30 minutes to saturate the 
solution with argon before electrochemical analysis. Aqueous electrolyte solutions containing 
phosphate in various protonation states were prepared using phosphoric acid at pH 1.8, and 0.1 
M LiClO4/0.1 M phosphate buffer (KH2PO4/K2HPO4) at pHs 5.5 and 7 and 0.1 M phosphate 
buffer (K2HPO4/K3HPO4) at pH 12. Unbuffered solutions with pH values ranging from pH 1.2 
to 7.0 were prepared by dissolution of 0.1M LiClO4 as supporting electrolyte and addition of 
HClO4. Solutions of 0.1 M KOH at pH 12, 0.1 M LiClO4/0.1 M Trizma base at pH 7 and 8, 
and 0.1 M LiClO4/0.1 M sodium acetate at pH 5.5 were also prepared. An Oakton pH 11 series 
pH/mV/ºC meter was used to measure the pH of the solutions before and after the experiments 
to ensure minimal pH drift.  
6.2.3 Characterization 
Infrared spectra were obtained using a Bruker Alpha-P attenuated total reflectance 
spectrometer. XPS was performed using a Kratos Axis Ultra DLD X-ray Photoelectron 
Spectrometer with an Al K alpha X-ray source with 1eV steps.  
 
6.3 Results 
 The UV-vis absorbance spectra of TiO2 as a function of applied potential has been well 
established in the literature.13 The spectra have been reproduced in Figure 6.1A and replotted 
as difference spectra in Figure 6.1B. All potentials are reported in V vs NHE. As electrons 
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were transferred to TiO2, two key features were observed: 1) a blue shift in the fundamental 
absorbance, shown as a bleach in the difference spectra; and 2) broad absorbance at 
wavelengths >380 nm. The bleach and absorbance grew simultaneously with increased 
negative applied potentials in agreement with previous literature.17 The data in Figure 6.1A 
and 1B were obtained in 0.1 M LiClO4/0.1 M Trizma electrolyte at pH7 and showed no 
evidence for an absorbance maximum at wavelengths less than 600 nm as reported by 
Boschloo et al. at potentials more positive of those required to observe the two features noted 
above.14 We note that the previous measurements were made in 0.02 M phosphate buffer, and 





Figure 6.1: A) UV-vis absorbance spectra and B) difference absorbance spectra of TiO2 in 0.1 
M LiClO4/0.1 M Trizma at pH 7 with increasingly negative applied potentials, +0.3 to -0.7 V. 
C) UV-vis absorbance spectra and D) difference absorbance spectra of TiO2 in 0.1 M 
LiClO4/0.1 M KH2PO4/K2HPO4 buffer at pH 6.5 at increasingly negative applied potentials, 
+0.20 to -0.25 V. 
 
The UV-vis absorption spectra of TiO2 in 0.1 M LiClO4/0.1 M KH2PO4/K2HPO4 buffer 
were obtained under forward bias. An absorbance at wavelengths less than 600 nm was 
observed in the presence of phosphate buffer at moderate reducing potentials (+0.2→-0.25 V) 
at pH 6.5, Figure 6.1C. The spectra were replotted as difference spectra in Figure 6.1D for 























































































clarity and showed that the absorbance at <600 nm appeared at less negative potentials than 
the broad absorbance typically associated with conduction band electrons in TiO2. Whether 
there is an absorbance maximum at shorter wavelengths is unknown due to experimental 
limitations. The absorbance feature has not been reported in organic solvents, and as previously 
stated, was not observed when Trizma base was used as the buffer. Therefore, the composition 
of the aqueous electrolytes was varied to investigate the nature of the feature. Interestingly, 
this absorbance feature was not observed in unbuffered pH 6.5 aqueous electrolyte (Figure 
6.2).  
To test whether the 400 nm absorbance was associated with phosphate ions present in 
the buffer, an acetate buffer (0.1 M HCOOCH3/NaCOOCH3 at pH 5.5) was also examined. 
Figure 6.2 shows that a similar absorbance feature to that measured in the phosphate buffer 
was observed with much lower intensity. As both acetate and phosphate are known to bind to 




Figure 6.2: Difference absorbance spectra of TiO2 in aqueous electrolyte with a -0.1 V applied 
potential in 0.1 M LiClO4 at pH 6.5 (black), 0.1 M LiClO4/0.1 M KH2PO4/K2HPO4 electrolytes 
at pH 6.5 (red) at -0.2 V applied, and in 0.1 M LiClO4/0.1 M HCOOCH3/NaCOOCH3 at pH 
5.5 with a -0.2 V applied bias (green). 

















 Unbuffered pH 6.5
 Phosphate pH 6.5
 Acetate pH 5.5
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The pH dependence of the ~400 nm absorbance was investigated in both phosphate 
buffered and unbuffered electrolytes at pHs 1.8-12.5. Figure 6.3A shows the absorbance at 400 
nm attained. The absorbance intensity was greatest at pH 5.3 and was lower at more acidic or 
more basic conditions. At all pH values, the absorbance at ~400 nm increased with forward 
bias until convoluted with the onset of the blue shift observed in reduced TiO2, resulting in a 
subsequent absorbance decrease. The potential at which the blue shift onset occurred depended 
on the energetic changes of redox-active states in TiO2 with pH,
7 reflected in the near-
Nernstian shift in the peak potential of 70 ± 5 mV/pH (Figure 6.3B). It was noted that when 
the applied bias was ceased, the absorbance decreased rapidly (Figure 6.4). In solutions without 
phosphate or acetate at various pHs, the ~400 nm absorbance feature was not observed (Figure 
6.5).7  
 
Figure 6.3: A) Visible absorption spectra of reduced TiO2 with the highest absorbance change 
observed in 0.1M phosphate buffer at various pHs with 0.1 M LiClO4 electrolyte and B) plot 
of potentials at which the maximum absorbance intensity at 400 nm was observed vs pH with 
linear fit (red). 




















































Figure 6.4: Spectra of TiO2 in 0.1 M LiClO4/0.1 M phosphate buffer at pH 6.5 with applied -
0.1 V (purple) and then at times, 0.5-90 minutes, after the potential ceased (blue-red). 
 
 
Figure 6.5: A) Spectra of TiO2 in pH 1 0.1 M HClO4 aqueous electrolyte from +0.51 to -0.14 
V vs NHE. B) Spectra of TiO2 in unbuffered pH 7 0.1 M LiClO4 aqueous electrolyte +0.21 to 
-0.44 V vs NHE. 
 
To investigate whether the absorbance only was observed with specific electrolyte 
buffers, derivatized phosphates were anchored to TiO2 before emersion in an electrolyte. In 
many DSSCs and DSPECs, [Ru(bpy)2(4,4’-(PO3H2)2-2,2’-bpy)]
2+ is a common dye that binds 

































































to TiO2 is through the 4,4’-(PO3H2)2-2,2’-bipyridyl ligand (abbreviated dpb). Therefore, dpb 
in a methanol solution was reacted with TiO2, then soaked in pH 1 HClO4 before use. Figure 
6.6A showed that unlike in the presence of phosphate buffer, the absorbance of the TiO2 film 
with bound dpb showed a broad peak centered at 450 nm and a shoulder near 550 nm. The 
origin of the shoulder is unknown and may be attributable to either different dpb binding modes 
(either through phosphonate or pyridine groups). Additionally, Figure 6.6B showed that the 
absorbance intensity was pH dependent. 
 
Figure 6.6: A) Difference absorbance spectra of dpb adsorbed to TiO2 in 0.1 M LiClO4 at pH 
6.6 with applied potentials of +0.2 to -0.4 V. B) Difference absorbance spectra of maximum 
absorbance of dpb adsorbed to TiO2 at pHs 1.5 to pH 12.3. 
 
Spectroelectrochemical charge extraction was performed on dpb sensitized TiO2 films 
to determine the charge within the film and its possible correlation to the maximum absorbance 
intensity at 450 nm, Figure 6.7. The charge extraction method has been used previously to 
determine the molar extinction coefficient of electrons abstracted from TiO2 using a modified 
Beer-Lambert law, Equation 6.1, where ∆A is the change in absorbance, ε is the molar 
extinction coefficient, F is Faraday’s constant, C is the charge, A is the geometric area of the 
film, and θ is the angle of the film relative to the light path (45°).12 




















































)  (6.1) 
 A linear correlation was indeed found between the charge and the absorbance change 
with applied potential, Figure 6.7. The intercept was not at the origin, and from the slope a 
molar extinction coefficient was determined to be 8500 M-1cm-1 at 450 nm. The value obtained 
is much higher than reported value for electrons within the conduction band of TiO2 which is 
600 M-1cm-1 at 400 nm.14  
 
Figure 6.7: Absorbance change monitored at 450 nm during spectroelectrochemical charge 
extraction in pH 7 0.1 M LiClO4/ 0.1 M Trizma buffer aqueous electrolyte with overlaid linear 
fit. 
 
To test whether phosphate and dpb were indeed present on the TiO2 surface, the 
materials were characterized by Attenuated Total Reflectance-Fourier Transform Infrared 
Spectroscopy (ATR-FTIR). Figure 6.8 shows that after exposure to the phosphate buffer or to 
dpb, a new peak appeared at ~1113 cm-1 consistent with the assymetric P=O stretch.20,23,24 X-
ray photoelectron spectroscopy, XPS, (Figure 6.9) also provided evidence for the presence of 
phosphate on the TiO2 surface after exposure to phosphate buffer or dpb and subsequent rinsing 
with neutral D.I. water.25,26 The peak in Figure 6.9B is centered around 133 eV, which has been 
attributed to phosphate species.25,26 























Figure 6.8: ATR-FTIR spectra of TiO2 (black), TiO2 reduced in 0.1 M LiClO4/0.1 M 
phosphate buffer pH 6.5 (blue) and 4,4’-PO3H2-2,2’-bipyridine reacted with TiO2 (red). 
 
 
Figure 6.9: A) The XPS spectrum of TiO2 after reductive spectroelectrochemistry was 
performed in 0.1 M LiClO4/0.1 M phosphate buffer at pH 6.5 and B) an enlargement of the 
138-126 eV binding energy range. 
 
6.4 Discussion 
 Reductive spectroelectrochemistry of TiO2 was performed in 0.1 M LiClO4 aqueous 
electrolyte buffered with 0.1 M KH2PO4/K2HPO4. Under these conditions an absorbance at 
400 nm was observed at potentials more positive than those required to induce the broad 




































































absorbance associated with electrons in the exponential distribution of states.17 This 
absorbance was first reported by Boschloo and Fitzmaurice.14 The spectral feature was 
attributed to electrons in TiO2 surface trap states.
7,17,27 However, experiments performed in the 
presence of Trizma buffer or in the absence of a buffer showed only characteristic TiO2 
absorbances that have been established in the literature.28 Therefore, further investigation was 
undertaken to determine the nature of this absorbance. It was found that a 400 nm absorption 
feature was only observed when phosphate or acetate groups were present and the TiO2 thin 
films were partially reduced. The requirement of both a surface binding group and a partially 
reduced TiO2 film was suggestive of a Ti
3+→anchored group transition. 
Reduced spectra of TiO2 in the presence of either a phosphate or an acetate buffer 
showed a feature that can be described as tail of an absorbance peak. This indicates that an 
absorbance peak may appear at shorter wavelengths than the TiO2 absorbance onset, and 
therefore is undetectable in our experiments. Additional experiments were performed with 
4,4’-PO3H2-bipyridine, one common ligand used to anchor molecular ruthenium dyes to 
semiconductor surfaces in dye sensitized solar devices.3,29,30 The spectroelectrochemistry 
showed an absorbance with a broad peak at 450 nm with a shoulder at 550 nm. The origin of 
the shoulder is unclear, but may arise due the different binding modes available for dpb on 
TiO2.  
Both acetate and phosphate are known to bind to TiO2 as established in the 
photocatalytic and biological literature.18–22 ATR-FTIR and XPS measurements provided 
evidence that phosphate was present on the TiO2 surface. The exact nature of coordination 
remains unclear. Literature suggests a combination of monodentate and bidentate binding at 
pH 6, but it is still heavily debated.20 
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 In addition to the presence of an adsorbate, an applied potential was necessary to 
observe the absorbance in the blue region of the spectrum. If the applied potential was ceased, 
the absorbance at 400 nm decreased over time to the baseline spectrum taken at no applied 
bias. As the applied potentials were within the band gap of TiO2, the injected electrons likely 
inhabited a localized Ti3+ surface site before undergoing charge transfer.  
The 400 nm absorbance intensity in phosphate buffer and the 450 nm absorbance with 
anchored dpb was dependent on the applied potentials and the pH. When the potential where 
the most intense absorption feature was measured was plotted against pH, a nearly Nernstian 
behavior was evident.31 The absorbance intensity was lowest under alkaline conditions where 
prior literature evidence indicate desorption of bound phosphate species from the TiO2.
10,20,32 
However, it was unexpected that at pH 1 this absorbance was of lower intensity than that 
measured at pH 5. In the dye-sensitized literature, it has been established that dyes utilizing a 
phosphonate anchoring group exhibit the highest dye loading in acidic conditions (pH<7).9 
Although, an argument can be made at pH 1-2 that both the phosphate and the TiO2 surface 
are fully protonated which will lead to less attraction between the phosphate and the surface. 




Several conclusions can be drawn from this research. It supports the idea put forth by 
Boschloo and Fitzmaurice, that the absorbance at ~400 nm is due to an electron trapped in a 
surface state. In addition, this work revealed that the absorbance requires the presence of either 
a carboxylate or phosphate containing electrolyte or a bound dpb and partial reduction of TiO2.  
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This suggests that the color change is associated with localized Ti3+ surface sites that undergo 
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